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ABSTRACT
Molybdenum and tantalum were siliconized in an enclosed
system by the hydrogen reduction of silicon tetrachloride
with induction heating between 900°C and 1450°C.
The siliconizing process was primarily influenced by
the gaseous composition, temperature, time, molar flow ratio
(SiCl4/H 2 ), geometrical shape and ionization charges.

The

rate of siliconizing, measured as the weight gain by the
fused quartz helix balance, generally follows a parabolic
law, y = k t1/2 , where y = weight gain, t = time, and k =
rate constant.

The activation energy is estimated at

2 1 .6 k cal/mole for siliconizing of molybdenum.

Deposition

rate is greatly reduced at the later stage of the diffusion
controlled process.

The growth rate and the temperature of

the siliconizing-diffusion treatment may be expressed by
log y2/T = a - b/T, where y, t, T, a, and b are the thickness
(or weight gain), time, absolute temperature, and constants
respectively.

Whenever a phase transformation is encoun

tered, a new set of constants may be needed.
Siliconized molybdenum and tantalum were evaluated with
metallography, microhardness, X-ray and electron microprobe
analysis.

Correlation between the coating properties, micro

structure, intermetallic phases and phase diagrams were
made.

Electron microprobe analysis could determine phases

and the sharp concentration variation in one micron range

between phases of narrow diffusion zones.

However, a varia

tion of 1 to 2 per cent in composition is difficult to re
solve.
Suggestions for codeposition (such as TaSi 2 and TaC),
Kirkendall marker determination, diffusion constant and dif
fusion barrier studies by electron microprobe analyses as
well as the deposition under electrically charged field were
proposed.
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CHAPTER I
INTRODUCTION
The demand for engineering materials to he applied in
high temperature environment is ever increasing, particu
larly in the fields of electronics, nuclear energy and m i s 
sile and spacecraft technology.

Although many types of

alloys (such as high nickel content iron-chromium materials)
have heen used in elevated temperature ranges, they are sel
dom applied heyond a temperature of 1000°C.
Among all the known metals which possess high tempera
ture strength as well as workabilities (such as ductility,
weldability), only the transition elements of Groups IIIB
through VIII in the periodic table possess very promising
properties.

It is interesting to note that a plot(^) of

melting points of these metals as a function of the group
number shows a definite relationship (Figure 1).

In each

period (horizontal row), the melting point rises to a maxi
mum at the sixth group and then decreases.

The elements

chromium, molybdenum and tungsten have an increasing order
of melting point as the atomic number increases.
The properties of these transition metal elements are
characterized essentially by their electronic structure(2 ).
1

2

A B S O L U T E M E L T IN G PO IN T , K E L V IN
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A maximum melting point occurs when the electron shells give
a total valence of 6 as in Group VIB (vertical column) shown
by Cr, Mo and W.

They are symbolized by their Incomplete

Md H shells, each of which has a partially filled shell, 5
electrons in the d-band.
A reasonable interpretation is that the half-filled ”d"
shells electrons exert a large attractive force upon one
another, thus resulting in a stronger binding energy than
the ordinary metallic bond.

The high melting point of these

elements is closely associated with their relative atomic
sizes; the smaller the interatomic distance, the higher the
melting point.

The unpaired "d" electrons contribute not

only to the overall maximum bond strength, but also the
modulus of elasticity and activation energy for self
diffusion, as well as recrystallization.
Due to the limited availability and high cost of the
metals of platinum groups, the practical selections of the
refractory metals are limited to four elements, namely mo
lybdenum, tungsten, niobium and tantalum.

However, due to

the excessive high vapor pressure of the oxides and lack of
oxidation resistance, their applications at high tempera
tures have been limited to a non-oxidizing atmosphere or to
vacuum.

Too, general use as high temperature structural m a 

terials is also not satisfactory.

Great efforts have been

made to provide a solution to this problem by proper addi
tions of alloying elements whereby the formation of solid

4
solution or intermetallic compounds may increase the
strength as well as "stability" at high temperature.

Al

though the alloying is successful in several respects in im
proving the high temperature properties of the refractory
metals, it has never solved the critical problem of combined
high temperature strength, oxidation and ablation.

The dif

ficulties are that some of the oxides formed as the oxida
tion products are either extremely volatile or have very low
melting points.

It is generally agreed that a properly de

signed coating applied to the metal substrate in a desired
form will be the most promising solution.
One of the most effective means of Improving oxidation
resistance is the addition of elements, the oxides of which
have a stronger thermodynamic stability than that of the
base metal.

Table I shows the properties of some refractory

metals as well as the characteristics of the accompanying
oxides.
Aluminum, zirconium, titanium, chromium and silicon
have been considered to be effective alloying elements to
improve the oxidation resistance of many refractory metals.
The elements oxidize preferentially at the metal surface to
form a new complex oxide system on the base metal.

Oxides

having high melting points as well as high negative freeenergy formation contribute greatly to the high temperature
stability.

Adherent oxides are formed on the surface of the

TABLE I
PROPERTIES OP OXIDES OP REFRACTORY METALS AND REFRACTORY OXIDES

Element

Valence

Goldschmidt
Ionic
Radius
X

Negative Free Energy of
Oxide Formation at 1300°K
k cal/g Atom of Oxygen

Oxide
Melting
Point,
°C

Oxide to
Metal
Volume
Ratio

4
3

0.79
0.63

101.4
6 3 .6

2715
2440

1.56
2.07

3
5

0.51
0.68

100.3
70.8

2020
1900

1.49
2.54

4

0.68

84.8

i860

1.73

SI

4

0.42

77.2

1713

2.21

V

6
5

0.62
0.69

41.3
63.9

1470
1460

3.35
2.69

6
5

0 .6 2

0.59

35.5
49.6

795

V

660

3.24
3.19

Re

7

0.56

21.6

266

1.67

Zr
Cr
A1

Ta
Ti

Nb
No

Vfi
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base metal when the specific volume of the oxides as formed
is relatively small.
Many carbides, borides, nitrides and even sulfides pos
sess very high melting points, well above 1700°C; however,
they are still rather susceptible to oxidation above 1000°C.
For example, most carbides, such as W2 C, TaC, ZrC, are among
the most refractory materials, yet they are not resistant to
high temperature oxidizing atmospheres, except silicon car
bide, which may be maintained at or near 1500°C for reason
ably long periods of time.

The kinetics of the oxidation

process favor the silicon-containing materials

This is

known to be due to the effective protection of a thin layer
of glassy film composed mainly of S102 .

It is also known

that silicon nitride has a superior oxidation resistance
among other nitrides.

Similar reasoning holds true for the

better oxidation resistance of most sillcides, particularly
higher sillcides.

Among all the potential high temperature

coatings on refractory metals, silicide coatings or modified
silicide coatings have shown very promising results.

The

silicide not only produces a protective glassy layer on oxi
dation, but the layer is also "self-healing” if ruptured at
high temperatures.
The siliconizing of refractory metals is frequently ac
complished by the "cementation11 or "packing" process.

The

powders of silicon or silicon alloys are mixed with the
halide compounds, such as NH^Cl, NH4 F or iodine, and a large

7
amount of inert fillers

of AlgO-j contained in an alloy-

metal box in -which the metal parts to be siliconized are im
bedded.

The process is somewhat similar to those described

for carburizing and chromizing.

However, for "pack silicon

izing", little is known about the mechanism of the silicon
izing within a packed alloy box, which may be seriously "at
tacked" depending on the conditions of cementation process
ing.
In this investigation the siliconizing process studied
was one in which silicon tetrachloride was reduced by hydro
gen at high temperature.

This method offers the advantage

that the gaseous by-products of the reduction can be re
moved effectively from the system by dynamic flow regula
tion, and the process of siliconizing may be conducted in a
controlled environment.
as substrate metals.

Molybdenum and tantalum were used

Molybdenum and tungsten being in the

VI-B group, having 6 valence electrons (d -f- s), will form
volatilizing oxides upon oxidation, while niobium and tanta
lum, in the V-B group, having 5 valence electrons

(d + s),

form comparatively less volatizing oxides upon oxidation.
The selection and control of one of the metals in each group
will be helpful to understand by analogy the other.

It was

with this desire in mind that siliconizing of molybdenum and
tantalum metals was carried out in the vapor phase at high
temperatures

(900°C - 1 5 0 0 ° C ) in a specially constructed

siliconizing system.

The physical and chemical behaviors of

8
the siliconized layers or coatings on the molybdenum and
tantalum substrates were carefully evaluated to gain some
Insight into the mechanism of siliconizing.

CHAPTER II
LITERATURE REVIEW
Recent technological advances have brought much atten
tion to the preparation of high purity metals and elements,
particularly from the demands for 1 ) atomic energy applica
tions, 2 ) electronic and transistor industries and 3 ) high,
strength materials,

such as metal whiskers, as well as

highly ductile metals.

One of the most popular methods for

the preparation of high purity metals has been that of the
halide transfer process, where the metal ions are trans
ported or deposited on the desired surface to form metals or
compounds under specified conditions.
Arkel” p r o c e s s i s

The "de Boer - van

a well known one in which pure metals

may be deposited on a hot wire by the thermal decomposition
of metal halide at high temperature.

Practically all high

melting point metals form low melting point metal halides.
Many chemical vapor deposition or coating processes have
been based on the use of metal halogen compound as a trans
port medium by which any type of metal or element may be d e 
posited in an enclosed system through the vapor phase reac
tions under controlled protective atmospheres.

The reac

tions usually are carried out at elevated temperatures
between 300°C and 1400°C, depending on the type of halide
9

10
compound and the substrates.

The process efficiency depends

on the gas phase composition and the vapor pressure of the
halide, as well as reaction temperature.

The coating re

sulting from such a process is often called a diffusion
coating^), where the coating element forms an "alloy" with
the substrate through high temperature diffusion, forming
either a solid solution or an intermetallic compound.

In

other words, the coating element becomes truly a part of the
parent metal, for example, as carbide coating on steel and
silicide coating on molybdenum.

The reaction mechanism of

the deposition and coating involves the possibilities of
several general reactions :
Interchange reaction

M'+

MXm = M ’Xm + M
X 2 -f M

Thermal dissociation
Reduction reaction

\ H2 =

mHX + M

where M* is the substrate metal to be coated, or it may be
considered as a solvent; M may be a metal or element as sol
ute metal, to be transported and deposited on M 1; m is the
valence, and X is the halogen as fluorine, chlorine, bromine
or iodine.
From the studies of the thermodynamic relationships ^ ^ ,
many of the values of the standard free energy of formation
for these metal halides are known.

Figure 2 shows the free

energy values of many chloride compounds

.

At a given

11

0

500 °C

1 0 0 0 'C

1500 *C

-A G , Kilocalories Per Gram -Mole of Chlorine

F ig u re 2.

(8)
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F o rm a tio n

Standard F r e e E n e r g ie s '

fo r M e ta l C h lo rid e s as a Function of T e m p e ra tu re
( One G r a m -M o le of C h lo rin e )
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temperature, a metal is able to displace from their chlo
rides all other metals that appear above it in free energy
of formation, provided all reactants and products are in
their standard states.

For example, silicon may replace Cu

in CuCl a s :
Si + 4CuCl = SiCl4 4- 4Cu
rather easily, since SICI4 has a rather high negative free
energy value.
In the case of hydrogen reduction, if the curve for the
standard free energy of a metallic chloride lies above the
curve for
H 2 + C12 = 2HC1
at a given temperature, the metal chloride will be easily
reduced to metal by hydrogen, provided the substances are in
their standard states.

Similarly, a metal chloride located

below the 2HC1 curve in Figure 2 at a given temperature will
be converted to the chloride by treatment with HC1 (gas)
under standard conditions.

It is obvious that an increase

in temperature will favor the hydrogen reduction of SICI4 .
However, it is not essential that the curves for the stand
ard free energy of the chlorides lie above the 2HC1 curve in
order to effect the reduction of the chloride by hydrogen.
If the chloride curve is not too far below the 2HC1 curve,
the free energy of the reduction reaction can be adjusted to
a negative value by maintaining a large activity of hydrogen
and a small activity of HC1.

13
Interchange reactions are particularly favored when the
negative free energy values
not too far apart

{ - l ) of the metal halides are

(Figure 2).

A more convenient representa

tion is given in Figure 3, where log of the equilibrium con
stant, Kp, is plotted against temperature for reaction of
the type
M + Cl2

---

MC12

The Kp values may be derived from
A G° =

-2.303RT log Kp

Assuming again M as a coating element, M' as the sub
strate metal, we get for

M 4- Cl2 ----- MC12 :

M'C12 :

II

M ' + Cl2 =

&

and

KP =

PMClo
, 72..
aMPC l 2
PM'C lo
aM'PC1

and for the interchange reaction
MC12 4- M' =

M'Olg 4- M

:

aM PM'ClP
aM ,pMCl2

or log Kp^1 ^ =

log Kp. - log Kp

Therefore, if the values of their equilibrium constants,
log Kp, are not too much different, e.g., in the case of
chromizing steel, the mechanism is largely due to the inter
change, while in the chromizing of nickel or molybdenum, the
interchange reaction is not likely, since the differences in
log Kp values are too large.

A similar approach can be used

when considering the hydrogen reduction reaction, i.e., if

LO G E Q U ILIB R IU M C O N ST A N T FO R
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TEM PERATURE
F ig u r e 3.

°C

L o g E q u ilib riu m Constant

fo r V a r io u s C h lo r id e s .

7

(a fte r H o a r and G ro o m )
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the log Kp for the metal M (coating metal) is not signifi
cantly different from the value of log Kp for hydrogen, the
reduction reaction can proceed effectively.
In the case of the siliconizing, silicon may he de
posited from SiCl4 by any one of the following reactions,
depending on the thermodynamic behavior of the particular
system.
Interchange

SiX4 + 2M =

Thermal Dissociation

SiX4 =

Reduction

SiX4 + 2Hg =

Si -f 2MX2 (M divalent)

Si -+ 2Xg (mainly iodine)
Si -f 4HX4

Considering the siliconizing of molybdenum, the possi
bility of the interchange reaction is not great.

The reac

tion type will be more truly represented by
Mo + 2SiX4 + 2H2 =

MSi2 + 8HX

where MSi2 are known to be stable sillcides.
Silicon tetrachloride, like many metal halides, has
been used as raw material for obtaining pure elemental sili
con by either thermal decomposition or hydrogen reduction.
The mechanism of deposition, on quartz tube for example, may
also be partially achieved by disproportionation following
decomposition.

The reactions may be represented by:

(a) Reduction:

SiCl4 + 2H2 =

(b) Decomposition:

SiCl4

- 1 v

SiCl2 + Cl2

(c) Disproportionation:

2SiCl2

—1

Si

Silicon is located inGroup IV (C, Si,

■

Ge) in

Si -f 4HC1

SiCl4

the periodic
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table.

It most commonly exhibits a tetravalent oxidation

state; however, the outermost electronic arrangement, 3 s2 ,
p
3p certainly suggests a divalent oxidation state with the
involvement of the p electrons.

Although equation (b) has

not been commonly recognized at lower temperatures, at 1350°C
or above the reaction was fully substantiated by Schafer and
Nicked.

in gas phase reaction (c), a high temperature

(1000°C) favors the formation of 2SiCl2 , while a lower tem
perature

(850°C) favors the formation of Si 4- SiCl4 .

The

hydrogen reduction methods cannot be expressed as simply as
in equation (a).

YJhen a reduced pressure is encountered in

the system, the percentage of polymerized silicon chlorides
particularly will be increased, as proposed by Schafer(1°):
SiCl4 -I- (n-1) SiCl2 =

Sin Cl2n + 2

These chlorides may be present in the gaseous, liquid and
solid states in the reaction system.

This not only results

in a continuous loss of SiCl4 but also causes obstruction of
the flow system by the polymeric formation of liquid and
solid near the valves or critical flow paths.

However,

these excessive high molecular weight products may be mini
mized by increasing the overall reaction pressure.
During the hydrogen reduction of silicon tetrachloride,
SiHCl^ often forms as a by-product.
and T h i e l s m a l l

According to Schwarz

amounts of high molecular weight poly

mers , such as Si1 0 Cl20 H 2 were found as a condensate on the
reaction tube walls.
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When there is residual oxygen or moisture in the system,
the reactions

^:
4SiCl 4 +

0 2 ---- > 2Si 2 0Cl 6 + 2C1 2

2SiCl 4 + H20 ---- > SigOClg -f 2HC1

and

nay occur, where Si 2 0Clg is much less volatile than SiCl4 .
The oxy-chlorlde remains in the system or condenses on
the cooled walls of the enclosure.

The hexachloro-disiloxane

has a boiling point of approximately 137°0 and is decomposed
energetically by H 2 0 a s :
Si 2 OCl 6 -f 3H20 ---- > 2Si0 2 -f 6HC1
where SiOg is a white precipitate.
Silicon and silicides^ 5 ) have long been obtained by
the vapor phase processes.
iron and steel

Early work on siliconizing of

was described to produce corrosion re

sistant silicon alloys for industrial applications.

Reports

on siliconizing of refractory metals by the vapor deposition
process were comparatively few until the World War II pe
riod, during which time studies of high purity metals of
many transitional elements, including uranium, brought much
attention to the fundamental investigations of a large num
ber of transitional halide compounds
Powell, Campbell, and G o n s e r ^ ^

described the proc

esses of coatings by chemical vapor deposition techniques on
many metals.

Molybdenum^

was siliconized and tested in

air up to about 1700°C with reasonably good protection.

The
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phase of MoSi, which they reported, has been shown not to
exist

Fitzer^1 ^

further investigated MoSi2 as an

electrically conductive high temperature material, and ob
served a distinctive disintegration of MoSi2 through oxida
tion at low temperature
as a "Pest" problem.

(400 - 600° C ), which he referred to

Many sillcides^2 0 ^ of refractory met

als have only been partly studied in comparatively recent
years, particularly those which have melting points rather
high in the binary phase diagrams.
Brewer, Searcy, Templeton and Dauben^2 1 ^ investigated
solid phases stable above 1630°C in the molybdenum-silicon,
tantalum-silicon and tungsten-silicon systems.

Three new

tantalum sillcides, two new molybdenum silicides and one new
tungsten silicide were reported besides the MoSi2 phases
previously known.

Eutectic temperature ranges between the

adjacent phases were for the first time approximated.

Some

transition temperatures for the high-low forms still have
not been determined definitely.

(22)'

MoSi2 v

has been used

successfully for a high temperature heating element on which
a layer of silica glass was observed to develop on the sur
face when heated in air above 1350°C.

Compaction and sinter

ing of MoSi2 powder with other metal powders,

such as cobalt

nickel or with other oxides such as A 1 2 0-^ or BeO, may be de
sired to form other high temperature structural materials.
According to Fitzer ^ ^ ^ ,

the protective layer formed at

about 1380 - 1400°C was not simple but rather a mixed oxide
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of molybdenum and silicon.

The detailed formation of the

protective coating may not be known until the system of MoSi-0 is studied.
( 2 ~z>)

Joan Berkowiizv

investigated the rate of the net

weight change of MoSi2 at 1600 - 1700°C and found the oxida
tion products to be volatile M 0O3 and non-volatile glass of
the form Si02 * MoOx , where x is not known.
s t u d i e s o f

Also recent

the kinetics of oxidation in the Mo-Si sys

tem (Mo^Si, Mo^Si-j and MoSig), postulate a logarithmic rate,
Q =

Qo(l - e"a t )

where t is time, Q is the total oxygen consumed, Q0 and "a*’
are constants, dependent upon composition, pressure and tem
perature.

In general, for a given silicide, Q0 decreases

and "a” increases with increasing temperature at a constant
oxygen pressure, and the oxidation resistance decreases with
decreasing silicon content.

However, the rate of oxidation

of all three sillcides eventually reaches a low limiting
value as the protective oxide layer is formed.
It is important to point out that the rate of oxidation
in the Mo-Si system is very much pressure dependent.

The

same author pointed out that a protective glass layer failed
to form on commercial MoSi2 samples at 1 6 8 3 °C at a partial
oxygen pressure of 1 .6mm, while the same amount of oxygen
supplied at 1 6 mm was sufficient to form a silica barrier for
protection.

Among all the sillcides, perhaps the properties
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of molybdenum disilicide are best known, since more effort
has been expended in the application of silicide or modified
sillcides as protective coating on this metal.
Much less information has been reported for tantalum
and its sillcides.
Schacher^^

Kieffer, Benesovsky, Nowotny and

studied the tantalum-sill con systems by sinter

ing powders and using X-ray methods to determine and verify
the compounds and their properties.

The oxidation resist

ance of TaSi 2 has been found about as good as MoSi2 .

Work

related to the silicon vapor phase deposition on tantalum
has been negligible.

Recently, Lorenz and M i c h a e l a t 

tempted to deposit molybdenum on columbium and tantalum by
dipping the plates into a molten bath of M 0O -3 and then reduc
ing with hydrogen.

The molybdenum coated tantalum was then

siliconized to form "duplex” coatings for high temperature
protective coatings against oxidation.

Most of the work to

date has been directed toward the testing of oxidation b e 
havior.

During oxidation, the thickness of the MoSi 2 layer

decreases due to the oxygen diffusion into the grain bounda
ries and lattices of the disilicides, and at the same time
an increased zone of lower sillcides may be formed.

The

inner zone of lower sillcides has generally a much lower r e 
sistance to oxidation.

The oxidation rate closely follows

the rate change as (w - a) =

ktn , where w is the weight in

crease in gm/cm 2 at constant temperature, t is the time in
minutes, and a, k and n are constants.
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■When one element is deposited or coated on another ele
ment, diffusion will occur at the elevated temperature.

The

structure of the interface between the substrate and coat
ing, as formed either during deposition or after certain heat
treatment, will be largely determined by the equilibrium
phases of the binary system, although the conditions under
which the deposition is carried out are not quite under equi
librium conditions.

Solid solutions, compounds or both may

be formed in the diffusion zone, depending on the system and
the environment under which the coating is applied.
In the metal-vapor phase reaction, the pressure concen
tration effect should be considered in addition to the tem
perature concentration effect.

Layer growth can occur only

by movement of atoms through the l a y e r s , either by volume
diffusion or grain boundary diffusion.

Usually grain

boundary diffusion will predominate at low temperatures and
volume diffusion at high temperature.
Clark and Rhines

, as well as Castleman and Seigle,

(28), described the fact that all intermediate phases of the
binary system existing at equilibrium conditions will form
at the diffusion temperature, provided the diffusion tem
perature Is high enough and the diffusion time long enough
to permit the nucleation of all thermodynamically stable
phases.

With the Invention of the electron probe analyzer

by C a s t a i n g f small areas of a few microns in size can be
analyzed with certainty.

By this technique the concentration
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gradient of elements present in the diffusion zone may be
measured.

This new tool will permit not only verification

of the unknown phases but may also be used to study quantita
tlvely the diffusion mechanism.

CHAPTER III
MATERIALS, EQUIPMENT AND PROCEDURES

A. Raw Materials
1. Refractory Metals
Metals of molybdenum and tantalum were selected as the
substrate materials for the siliconizing experiments.
mercially available metals were used.

Com

These are made by the

powdered metallurgy process through pressing, sintering, fol
lowed by drawing and annealing.

The purity and composition

of molybdenum and tantalum are given in Table II.
The tantalum and molybdenum samples were used either in
wire or tube form.

The metals were cut and then degreased

in carbon tetrachloride followed by rinsing in ethyl alcohol
and distilled water.

Prior to the coating experiment the

tantalum samples were etched in an aqueous solution contain
ing 7$ (by weight) HF, 16 % HNO-^ and 61$ H2 SO4..

The molybde

num was etched with a solution of 1 : 1 : 1 ratio of H N O y
HF-HgO followed by distilled water rinsing.

These processes

insured the removal of grease, oil, surface oxides and other
impurities before the application of coating in the silicon
izing system.
The weight of the individual samples was adjusted to
approximately 2.0 or 4.0 grams, such that after the
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TABLE II
CHEMICAL COMPOSITION OF MOLYBDENUM AND TANTALUM

Molybdenum*
Tantalum
Molybdenum

0.01$

99.950#

Tantalum*
9 9 .900#inin
0 .0 0 5
0 .0 3 0

Columbium
Tungsten

0.01

Iron

0.003

Nickel

0 .0 0 5

Cobalt

0.002

Carbon

0.005

0 .0 0 5

Oxygen

0.007

0.007

Ni trogen

0.003

0.002

Hydrogen

0.0001

0.0005

Titanium

0.01

0.01

0.007

0.01

Zirconium

0.01

Silicon

0.005

Chromium

0.001

Aluminum

0 .0 0 5

0.005

Manganese

0.001

0.005

Tin

0.001

0.005

Lead

0.002

Copper

0.002

Calolum

0.001

*Analysis made at Fansteel Metallurgical Cozvporaticm, North Chicago, Illinois

siliconizing experiment,

the total weight would he within

the proper range to he supported hy the fused quartz balance
Before storing in a dessicator, the samples were weighed on
a precision analytical balance to an accuracy of 0 .0 0 0 1
grams.
2. Silicon Tetrachloride
The silicon tetrachloride, obtained commercially, was
of a chemically pure grade.

It is a clear,

colorless liquid

which hydrolyzes rapidly in moist air liberating hydrogen
chloride fume and silicon dioxide.

The silicon tetra

chloride used in this study was reported to have the follow
ing composition:*'
Silicon Tetrachloride

9 9 *9%

Free Chlorine

0.0015#

Iron

0.00001#

Titanium

0.00003#

Silicon tetrachloride has a boiling point of 57«6°C and a
freezing point of -70°C.

In water, it decomposes rapidly to

form gelatinous silicic acid and hydrochloric acid.
vapor pressure of SlCl^. was determined by Keary

The
using a

very pure compound, from which study the following empiri
cal equation was given:
log P = -

0 r.
Q5222.
A-. + B

*Given by the Anderson Chemical Company, Division of
Stauffer Chemical Company, Weston, Michigan

where A and B are constant, having the value 30*100 and
7.641 respectively, and P is the pressure in mm of mercury
of the saturated vapor at the absolute temperature, T.

From

this equation, the boiling point of SICI4. at 760 mm pressure
is calculated to be 5 7 .0°C.
The vapors of SiCl^ should not be inhaled due to the
danger of HC1 and "silicosis" •

It is very reactive with

oxygen and air, forming oxy-chlorides such as hexachlorodlsiloxane, Si20Clg, or Si^O^Clg.

The tetrachloride is haz

ardous, extremely corrosive, very irritating and may cause
burns.

Exclusion from air and moisture during transfer and

experimentation is therefore very important.
3. Gases and the Purifying System
Commercial grade hydrogen was used as the reducing
agent.

It was passed through a Deoxo gas purifier* to re

duce the oxygen content to less than one part per million.
Helium or argon gas was used as the carrier gas to flush the
system before and after the siliconizing experiments.

These

gases were deoxidized in the tube furnace, F, (See Figure 4)
which was filled with copper turnings kept at about 500°C.
The water vapor formed from the reduction of copper oxides
by the hydrogen was absorbed by the dehydrating agents, ^>2 °5 1
*Deoxo Hydrogen Purifier D-lO-5 0 , Engelhard Industries, Inc.
113 Astor Street, Newark, New Jersey
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and a molecular sieve A5-31- in drying towers T]_ and T2 respec
tively 'before reaching the siliconizing chamber.
4. Lubricating Grease
During the early part of the preliminary testings of
the siliconizing system, some of the minor rubber connec
tions in the system were seriously attacked.

The rubber

tubing was hardened and embrittled in a matter of hours, a p 
parently through "chlorination"— replacement of hydrogen by
chlorine in the rubber structure.
better resistance.

Vinyl tubings had much

Similarly, difficulties were encountered

in the “freezing" of glass stopcock grease.

Ordinary vacuum

greases were easily chlorinated and hardened, thus resulting
in increased uncertainty for the safe operation of glass
stopcocks.

Periodic manipulation of stopcocks did not help

to decrease the tendency to “freeze".

Many stopcocks were

lost, particularly when the connections were exposed to the
SiCl4 vapor for extended periods of time.

However, the dif

ficulties of frozen stopcocks were avoided by using a spe
cial type of halogenated high temperature grease*
** contain
ing saturated low-molecular weight polymers of chlorotrifluoroethylene, - (CF - CFCl)n .

This grease is very resist

ant to corrosive atmosphere containing halogen compounds.

*Molecular Sieve A5 was supplied by the Linde Company, Inc.
Division of Union Carbide Corp., North Michigan Drive,
Chicago 1, Illinois
**Halocarbon Polychloro-trifluoro-ethylene high temperature
grease made by Halocarbon Products Corp., 82 Burlews
Court, Hackensack, New Jersey
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B. Siliconizing Equipment
The equipment used in the siliconizing process was spe
cially designed.

The system was so arranged that the weight

gain or loss of the sample could be measured during the proc
ess of siliconizing at high temperature.

A general sche

matic diagram of the siliconizing system is exhibited in Fig
ure 4.

The actual apparatus is shown in Figure 5.

The

system was made of Pyrex glass except the main siliconizing
chamber, which was constructed from Vycor tubing (96%
silica).

A more detailed description of various parts of

the setup and their functions is as follows:
1. Vacuum System
The siliconizing apparatus was attached to a vacuum sys
tem as shovra. in Figure 6 .

It consisted of a mechanical pump

(Welch) and a high vacuum, oil diffusion pump, which was
electrically heated and water cooled.

A vacuum gauge was

connected between the oil diffusion pump and the siliconiz
ing chamber.

The oil diffusion pump was set into operation

after the mechanical pumping reached about 10 micron pres
sure or less.
2. Fused Quartz Spring Balance
The weight gain or loss of a sample in the siliconizing
chamber was indicated by the elongation or contraction of a
fused quartz spring*, Q.B. in Figure 4.

It Is in the form

*Fused Quartz Spring (Quartz Helix Balance), manufactured
and sold by Microchemical Specialties Company, 1825 East
Shore Highway, Berkeley, California

ts)
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of a helix and responds within the elastic limit according
to the principle of Hooke's Law:
w =

Ks

where s is the elongation proportional to the weight in
crease.

The constant (K), or the ratio of weight to the

elongation, is expressed in mg/mm.

The sensitivity and the

maximum load capacity of the springs can be ordered and made
to the specifications depending on the experimental require
ment; however, they must be calibrated by the user.

Springs

having various load-bearing capacities of 2 .0 gm/cm,
0 .2 0 gm/cm, 0.1 gm/cm of elongation were tested and used.

A

cathetometer was used for measuring the linear displacement
of the quartz spring to an accuracy of 0.1 mm.

A variation

of 0 . 1 mg could be easily detected.
3. Induction Heating Generator
A high frequency induction heating generator of 10KW
capacity, with a frequency of 400 kilocycles was used for
the heating of the refractory metal samples.
induction coil

Water cooled

(2 inch I.D.) formed from 1/4 inch O.D. cop

per tubing was put around the one and a half inch Vycor sili
conizing chamber.

The temperature of the specimen was con

trolled by the gradual adjustment of plate voltage of the
oscillator which, in turn, controlled the grid current and
radio frequency current, as well as the plate current.

For

induction heating, the depth of heating is represented by
the following equation

).
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D =

P
4 TT2 f

D = depth, in cm

P — specific resistance in abohm (10 ~^ ohm)
f = frequency of current cycle per second
A high frequency is better for heating very small specimens
or materials with very high electrical conductivity.
C. Procedure for Siliconizing
The weighed metal sample, after cleaning, was put onto
the hook of the fused quartz helix in the Vycor chamber; a
reference mark on a sample registered on the cathetometer as
the reference point.

The siliconizing chamber was evacuated

after the quartz balance (Q,.B.) and the attached sample was
carefully centered and the chamber sealed.

After the me

chanical pump reduced the pressure to about 10 microns, the
oil diffusion pump was set into operation.

It was necessary

to detect and eliminate any leakage in the system.

A 20-

minute low temperature heating was employed to insure the
degassing after the system reached approximately 1 0 “5 mm
mercury.
The flushing and carrier gases (argon, hydrogen or
their mixture) were passed through the purification system,
as described, to remove moisture or oxygen from the system.
Minute quantities of oxygen would result in poor quality
deposition, including non-adherent coatings.

Two mercury

traps (Hg in Figure 4) were provided In the siliconizing
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system to obtain constant pressure in the gas flow system.
If excessive pressure was encountered in the system, the Hg
trap would act as a safety valve.

The flask containing li

quid silicon tetrachloride could be isolated from the atmos
phere by the provision of stopcocks.

The amount of gas

flowing in the system and through the SiCl^. bath was mea
sured by the two calibrated flowmeters, F]_ and Fg, which were
filled with dibutyl phthalate liquid.

The flowmeters, pro

vided with fine capillary tubes, were calibrated and used to
adjust to the desired rate of gas flow.

Before and after

each experiment, the system was flushed with dried argon.
The inlet gas could bypass the SlCl^ evaporator whenever n e 
cessary.

A dry ice-alcohol cold trap (CT) in front of the

SiCl^ evaporator was used to condense further any possible
residual moisture and, also, to provide space for the back
condensation of SiCl^ vapor from the evaporator.

The SiCl^

evaporator was cooled in a Dewar flask, and the temperature
of the coolant controlled the vapor pressure of the silicon
tetrachloride employed during the vapor deposition experi
ments.

Reduction of SiCl^ vapor by hydrogen in the presence

of the hot specimen was favored when the hydrogen concentra
tion was Increased.

The metal specimen was heated to tem

peratures between 850°C and 1480°C.
The unreacted SiCl^. was further condensed in the cold
trap and the remaining components of the exit gas were d i s 
solved in a 1.0 N NaOH absorber before escaping to the air.

CHAPTER IV
EXPERIMENTS AND RESULTS

The experimental results are presented in two parts.
Firstly, variables in both gaseous compositions and process
ing techniques during siliconizing will be described.

Sec

ondly, studies and evaluations on the siliconized molybdenum
and tantalum substrates will be given in connection with
their physical and chemical properties examined as deter
mined by various techniques, such as metallography, hardness,
X-ray and electron-microprobe analysis.

A. Gaseous Composition and Process Variables in Siliconizing
During the course of the research work, particularly in
the early part of the experimentation, many unexpected and
interesting results were obtained.

Although the observed

phenomena were not pursued to any great depth, the meaning
and importance of these results should by no means be neg
lected.

In fact, they not only contribute to the understand

ing of the overall problem, but also provide the possibili
ties of new approaches to study the complex nature of the
coating processes by vapor phase deposition techniques at
high temperatures on the reactive-refractory metals such as
molybdenum and tantalum.
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1. Gaseous Composition
a) Deposition of Silicon Dendrites In
Helium Atmosphere
A solid tantalum rod of approximately 4 cm In
length, 4 mm In diameter, was cleaned and suspended on a
thin molybdenum wire hanging from the hook Inside the
siliconizing Vycor tube (see Figure 4).
flushed with helium and evacuated.

The system was

The sample was heated

to 750°C, while a stream of helium gas was Introduced
into the system.

The temperature, measured with a Leeds

and Northrup optical pyrometer, was gradually raised to
about 1000°C.

The temperature was maintained rather con

stant with the following readings of the radio frequency
generator:

Grid current 0.18 amp, R.F. output 30 amp,

and Plate current 1.4 amperes.
Silicon tetrachloride was introduced into the sili
conizing chamber by the carrier gas, helium, at 25 °C at
a flow rate of 40 ml per minute.
S 1 C14 is 235 mm (Appendix A).

The vapor pressure of

The decomposition or dis

sociation of SiCl^ resulted in the formation of silicon
dendrites, which grew perpendicularly from the tantalum
rod at selective spots around the circumferential area
of the rod (Figure 7).

The dendrites, dark gray in

color, formed rapidly in a matter of 15 minutes.

The

growth of the dendritlo crystals could be distinctly ob
served with the naked eye through the Vyoor tube.

The

experiment was discontinued after a period of 25 minutes.
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Figure 7 also shows the shape and orientation of d e 
posited silicon dendrites.

The “diamond shaped spots"

near the center of the rod are the areas where the den
dritic growths were broken off.
rod was somewhat shiny.

The surface of the whole

The dendrites were clusters of

crystals with polyhedron, diamond cubic structure having
very sharp edges and corners.
It is known generally that crystals grow at the
greatest rate in directions perpendicular to planes of
lowest surface energy.

It is most likely that the growth

of silicon crystal started on the (1 1 1 ) face where the
packing of atoms is the densest.

When a crystal surface

is growing rapidly, a large amount of heat is involved;
this may shift the area of growth to another direction
until the localized heat is dissipated.

Through such

interplay, the formation of dendrites in the shape of a
"pine tree" results.
The deposition of silicon dendrites from the SiCl4
on a heated tantalum rod in helium atmosphere was con
cluded not to be a pure decomposition.

Solid particles

of tantalum chloride or possibly subchlorides resulting
from the reactions were collected at the bottom of the
siliconizing tube.

X-ray analysis exhibited complicated

patterns of unknown compounds.
beyond the scope of this study.

Their Identification Is
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b) Siliconizing of Molybdenum and Tantalum by

Hydrogen Reduction of SICI4
The hydrogen reduction of 31014 on refractory met
als, such as tantalum and molybdenum, produced no sili
con dendrites, but rather a uniform ooatlng, essentially
in the form of disilioides.
Preliminary experiments were run to obtain the
proper manipulation and control of the siliconizing
processes at high temperature.

A tantalum rod, weighing

10.5039 gm, about 40 mm in length, and approximately
4 mm in diameter (in a somewhat semi-circular shape),
was cleaned and suspended inside the siliconizing tube.
The irregular shape was deliberately made by grinding
off one side of longitudinal area to obtain a mechani
cally polished surface
A fused quartz spring balance having a total load
capacity of 20 gm was used to measure the weight change
of the sample during the siliconizing experiment.

S1 C14

vapor was introduced by bubbling dried hydrogen through
the SICI 4 liquid at 25 °C in a manner similar to that de
scribed previously.

The flow rate of hydrogen was kept

at 60 ml per minute for a period of about 9 hours at
1100°C.

The ratio of mole concentration of S1 C14 to hy

drogen was estimated to be 0 .3 12 6

(see method of calcula

tion later under Processing Variables).

The total weight

gain recorded by the fused quartz balance, which
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elongated. 0 .0 3 cm, was 62 mg, according to the previ
ously calibrated curve.

The actual weight obtained

after the experiment by weighing was 64,2 mg.

It was

considered that the 20 gm capacity quartz spring was not
sensitive enough for the accurate work, although the val
ues obtained only differed by "5.4% by weight.
The experiment also indicated a minor loss of tanta
lum metal through the high temperature reaction, perhaps
due to minute amounts of residual moisture present in
the system.

Photomicrographs of representative silicon

ized molybdenum and tantalum are shown on Figure 16
through 1 9 .
c) MoQ^; Whiskers on Molybdenum
It was interesting to observe the morphology and
texture of the deposit on the molybdenum surface after
the siliconizing experiment.

Under the microscope, it

was found that when the deposition temperature was high
(above 1250°c), the particles and deposited grains of
the molybdenum disillclde were coarse and rough.

On one

occasion, during cooling of the system, near the end of
the experiment, the drying oven (F in Figure 4) in the
purifying system was out of control momentarily, thus
resulting in overheating of the drying furnace with in
creased pressure flow.

This could have caused excessive

moisture to push through the system.

Many needle-like

42

5 OX

F ig u re 8 .

M olybdenum O xide (M 0 O 3 ) W h is k e rs

F o rm e d on S ilicon ized Molybdenum D urin g the Cooling
P e r io d of the Siliconizing E xp erim en t.
Taken on Unmounted M a t e ria l.

P ic tu re w a s

43
crystals were found on the hot center portion of the
molybdenum sample.
Figure 8 shows the needles originating from the sur
face deposit of McSi2 -

The length of the needle was

about 0 . 7 - 1 . 0 mm, exhibiting somewhat translucent char
acteristics.

The occurrence of a prismatic type of crys

tal growth was also observed by Powell* during the heat
ing for siliconizing of molybdenum.

M 0O3 is ortho

rhombic, having a melting point of 795°C.

The whiskers

are stable in air, seem to possess a resilient mechani
cal strength in contrast to the powdered M 0O3 oxide.
Further evaluation of such phenomena was beyond the
scope of this study.
d) Codeposition of Silicon and Carbon

A heavy rectangular plate of tantalum, 2 mm in
thickness, 1 5 mm in width and 60 mm in length, was sili
conized in a similar manner under hydrogen atmosphere
at a temperature of 1200°C.

The siliconizing chamber

(25 cm in length, 3 .8 cm in diameter) was similarly con
structed with a glass ground joint at the top.

The

ground joint was fitted together with high temperature
D o w - C o m i n g Vacuum Grease.

Due to the large mass of the

sample and the radiant heat from the specimen, it was

*C.F. Powell, (Senior author on ’’Vapor Plating" Wiley
1955), Private Communication, Battelle Memorial Insti
tute , Columbus, Ohio.
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suspected that the vapor pressure of the hydrocarbon
from the vacuum grease on the ground joint of the appa
ratus might have contaminated the sample during the
siliconizing reaction.
The flow of hydrogen through the SiCl^ liquid bath
was kept the same as in the previous experiment at about
60 ml per minute at 25°C.

The deposition was not uni

form over the surface of the plate due to the uneven
temperature distribution on this over-sized specimen.
However, metallographic examination revealed that the
heavier coating, deposited near the center of the plate,
had a thickness of about 0.018 mm.
is shown on Figure 23.

The microstructure

X-ray examination revealed that

the coating was a codeposit of tantalum disilicide and
tantalum carbide.

(See section under X-ray evaluations

under Part B).
2. Processing Variables
The nature and extent of siliconizing of refractory
metal substrates in vapor phase are affected by many factors.
Beside the differences of chemical species in the vapor
phase reactions, as discussed in Part A-l, the deposition is
also effectively controlled by other processing variables.
The difference of the concentration of the flow rates of
both SiCl^ and hydrogen is very important.
are expressed as the flow ratio.

Their variations

The temperature and time of
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deposition are particularly influential.

Kinetic studies of

the siliconizing process were attempted.

Variations of the

geometry of deposition chamber or specimen, as well as the
influence of electrically charged field upon deposition, are
also discussed in this section.
a) Molar Gaseous Flow Rate or Flow Ratio
In the siliconizing of molybdenum or tantalum by
the hydrogen reduction of SiCl^., the rate of reduction
together with the formation of sillcides depends criti
cally on the molar flow rate of the Hg and SiCl^.
During the earlier part of the experiment, it was
natural to seek the optimum ranges of temperature and
vapor pressure, so that deposition by the reduction
process could be obtained with increased efficiency.
After repeated testings, it was found that a high ratio
of hydrogen to SiCl4 was necessary, that is, a higher
molar concentration of hydrogen should be maintained in
the chamber during siliconizing.

This insured that an

excess of hydrogen was available; thus, the reaction
products of HC1 would be maintained low so that Hg/HCl
was preferably kept at a minimum value of about 1.5 or
higher.
The experimental measurements of gas flow (hydro
gen through SiCl^. liquid) were necessarily taken care
fully.

As the dried hydrogen was pushed through the
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SlCl^. liquid, bath (see Figure 4), the vapor pressure of
SiCl^ varied strictly as a function of the SiCl^ bath tem
perature.

In the dynamic flow system, the pressure of a

mixture of H 2 and SiCl^ vapor in the reaction chamber was
kept very slightly above atmospheric pressure.
The temperature of the SiCl^ liquid was maintained
constant within, plus and minus 1 .5 °C, during each experi
mental run.

Most experiments were carried out by either

keeping the SiCl^ liquid at room temperature or cooled
with an ice bath, although tests at lower temperature,
-40 to -44°C, were also carried on with dry ice-alcohol
mixture.

It was invariably true that low temperature and

low vapor pressure of SiGl^ generally improved the charac
teristics of the deposition except at excessively low
vapor pressure.

An effective practical range for the

gaseous ratio of H2 to SICI4. was found to be about 8 to 1
or higher.

An excessively low temperature (for example,

-40°c), provided a negllble rate of deposition.
The vapor pressure of SiCl^. at various temperatures
is known from the calibrated curve (Appendix A).

It can

be more accurately calculated by the empirical formula:
log P3 = 7.6414 where P is the vapor pressure of SiCl^ at absolute tem
perature T.
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The molar flow rate of SiCl^ in the reaction chamber
was determined by the following calculation:

where

Qs = molar flow rate of SiCl^ vapor
0,^ == molar flow rate of incoming hydrogen
P^ — pressure of hydrogen
P 3 » pressure of SiCl^ at a given temperature
carried over by Hg into the reaction
chamber

This equation was used to determine approximately Q,s , the
molar flow rate of SiCl^, when the other values are known.
A sample calculation of the value of the molar flow
rate of SiCl^ vapor, Q,s, is as follows:
Given:

(From Experiment C 22):

The hydrogen manome

ter pressure was 0.6 cm and the temperature of SiCl^. was
2°C, find Q,s .
From the calibrated curve of the flow meter (see A p 
pendix D, Figure 37), 0.6 cm height of dibutyl phthalate
gave 6 .3 6 liters of hydrogen flow per hour under standard
pressure and temperature.

The Q,^, flow rate of hydrogen,

was calculated to be 0.284 mole per hour.
From the temperature-vapor pressure curve of SiCl^.
(Appendix A, Figure 3 6 ) or from the equation log Ps =
7.6414 - 1572.3/T, the vapor pressure of SiCl^. at 2°C was
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found to be 83.2 mm of Hg.

The pressure of hydrogen, P^,

in the reaction chamber was only slightly higher than the
atmospheric condition, and it was around 7 5 0 oia for most
of the experiments.
Therefore,

= 750-83.2

' <0-28A)

Q,s = 0.0354 mole per hour
The calculation was considered to be reasonably a c 
curate when checked with the experimental volumes of con
densate of SiCl^. at a known flow rate (see Appendix B).
The conditions of many experiments on siliconizing
of molybdenum with calculated molar flow rate of SiCl^.
and H2 are listed in Table III.

It was found that gener

ally a high SlCl^/Hg flow ratio would result in a low
deposition rate.

Experimental observation indicated that

high concentrations of SiCl^ brought about an Increased
“attack" of molybdenum or tantalum substrate due to high

HC1 concentration.
It is significant to point out that when the SlCl^/Hg
was as high as 0.431 (Experiment H27 in Table III), the de
position weight dropped rather low to only 2.98 mg/cm2 .

As

described above, excessively low vapor pressures of SICI4.
yielded neglible values of silicon deposited, as indicated
in Experiment L25 of the same Table.

TABLE III
CONDITIONS AND RESULTS OP SILICONIZING MOLYBDENUM
1
Esp't

2
. 3_____
Manome ter H 2 molar
pressure, flow rate
cm
(per hour)
^h

4
SiClj,
bath
temp,
°C

6
SlCl^
molar
flow rate
(per hour)
Qs

6
SiCljj,
h2

7
Coat
ing
time,
hr

8
Coat
ing
temp,
OC

...9
Total
sample
weight ,
gm

10
Weight gain
Total
mg

mg
cm 2

C 22

0 .6

0.284

2

0.0354

0.1248 3.5

115 0

3 .6 5

115.50

8.17

C 26

0.4

0.1927

2

0.0240

0.1246 7.5

1050

4.02

77.60

4.98

33

0.4

0.1927

2

0.0240

0.1246

2.5

1350

4.02

266.5

L7.13

L 25

0.5

0.2382

-40

0.0018

0.0077

2.7

115 0

4.02

1 2 .8

0.82

H 27

0.4

0.1927

24

0.0830

0.431

4.0

110 0

4.02

46.6

2.98

E 36 *

0.5

0.2384

2

0.0335

0.154

3.5

110 0

4.02

150.5

9 .6?

Remarks:

Column 2:

Pressure of H2 Is expressed in cm of dibutyl phthalate.

Column 3:

Prom 2, calculated from calibrated pressure-volume curve

Column

See calculation on previous pages. Qg depends not only on flow, but
also on the temperature of SiCljj, bath.

C

$:

Column 9? Actual weight before the experiment.
Column 10:

36*:

See calculation on Table IV.

Deposition made under conditions where the sample was negatively
oharged.See text for details.

E

£VO
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b)

Temperature and Time of Deposition

The temperature of siliconizing is, of course, one
of the most important criteria in the deposition process.
A series of experiments were carefully carried out on
siliconizing of molybdenum and tantalum at various tem
peratures.

The weight gain calculated from the elongation

of a fused quartz spring balance after corrections was ex
pressed in milligram per square centimeter.

The change

of weight per unit area at certain deposition temperatures
in relation to the time of deposition can be generally
represented by the equation
y =
where

ktn

y =

weight gain per unit area (mg/cm2 )

k =

rate constant of deposition

t =

time in seconds

n =r constant
When n is approximately equal to l/2, the relationship
designates the parabolic function.
From the experimental plots shown in Figure 9, the
weight gain at a constant temperature increases parabolically as the time of siliconizing of molybdenum increases.
As the temperature increases, the weight gain also in
creases.

However, the rate of Increase of weight showed

a somewhat higher value at the very earliest part of the
experiment.

W EIGHT G AIN

(mg
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If tiie function were truly parabolic, data for
weight gain per unit area, y , could be plotted linearly
as y2 against deposition time t, as expressed in the para
bolic equation:
y2 = k t
or

y = k' t^/2

similarly,

log y = log k ‘ -f 1/2 log t

A plot on a log-log scale would show a slope of about 1/2.
Most of these experimental runs could be treated both
ways to give the k values, which are the parabolic rate
constant of deposition.

These constants could be calcu

lated only when they were well justified from the weight
gain data.
Figure 10 is a log-log plot of the Figure 9 data.
The actual data are listed in Tables IV, V, and VI.

The

calculation of slopes of the straight line from Figure 10
gives the following values:
Deposition Temperature

Slope

1050 C

0.556

115 0 C

0.492

13 50 C

0.508

Thus, the establishment of the parabolic function of depo
sition is reasonable, though the experimental temperature
range was limited.

W EIGHT G A IN

(mg c m "2)
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TABLE IV
SILICONIZING OP MOLYBDENUM
Temperature 1050°C

Time Elapsed
min

Catheto
me ter,
cm

Elon
gation ,
cm

sac

0
15
30
90

110

0
900

98.48
.41

2,400
5,400

.3 6
.29

6,600
6,900

98.27

0

Weight
Gain
Area'
mg/cm 2
***

0

0

0 .12

0
1 5 .1 6 2
25.992

13.93

0.19

41.154

37.81

0.895
1.535
2.430

0 .2 1
0.22
0.30

45.484
47.652
64.980
67.146

41.78
43.78
59.70
61.69

69.312
63 .312
82.308
84.474

63.67
63.67

190
210

11,400

12,60 0

.17

0.31

220
230

13,20 0
13,800

98 .16
.1 6

0.32
0.32

445
i>55

26,700

.10
.09

0.38
0.39

27,300

Weight Gain
mg
Observed Corrected
*
**

0.07

.26
.18

115

No. Ko-C 26-1050-49

23 .88

75.61
77.60

2.685
2.814
3.837
3.965
4.092
4.092
4.859
4.987

Remarks:
Molybdenum coil was 45.41 cm long, with a diameter of

0.0991 cm (or 0.039“ ).
The calculated surface area = 14.132 cm2 .
It weighed 3.6529 gm.
■^Observed wt. gain =
Elongation (cm) x 0.21 66 gm where
0.2166 gm was the calibrated wt. gain for 1 cm elonga
tion of a fused 4 gm quartz balance.
♦^Corrected wt. gain = Observed wt. x Z?jJjQ_ = Observed
84.474
wt. x 0.91862 where 7 7 .60 and 84.474 are the final
weight gains in observed and corrected columns respec
tively.*
***Weight gain per cm2 — Corrected wt. gain
14.132

gm
SS2

55
TABLE V
SILICONIZING OP MOLYBDENUM
Temperature 1150°G

Time Elapsed
min

Catheto
me ter,
cm

Elon
gation ,
cm

sec

No. Mo-C 22-1150-35

Weight Gain
mg
Observed Corrected
*

Weight
Gain
Area'
mg/cm 2

0

0

99.93

0

0

0

0

30

1,800

.74

0.19

41.15

41.05

2.905

45

2,700

.6 7

0.26

56 .32

5 6 .18

3.975

100

6,000

.5**

0.39

84.47

84.26

5.962

120

7,200

.52

0.4l

88.8 1

88.58

6.268

160

9,600

.43

0.50

108.30

108.03

7.644

185

11,100

.41

0.52

112.63

112.35

7.950

205

12,30 0

.39

0.54

1 1 6 .9 6

115.50

8.173

Remarks:
Molybdenum coil was 45.41 cm long and 0.09906 cm
(or 0 .0 3 9 H ) in diameter.
Total surface area = 14.132 cm2 .
It weighed 3*6529 S111*
•
“■Observed weight gain =
Elongation (cm) x 0.2166 gm
where 0 .2 1 6 6 gm was the calibrated weight gain for 1 cm
elongation of a fused quartz balance.
“•“•Corrected weight gain = Observed wt x 115...59.= Observed
weight x 0.98752.
116.96
***W8lght gala pea cm2 = Correotea wt gala SSL,
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TABLE VI
SILICONIZING OP MOLYBDENUM
Temperature 1350°C

Tima Elapsad

Cathetometer,
cm

Elon
gation ,
cm

10
15

0
300
600
900

87.97
.85
.75

0
0.08
0 .18
0.32

21

l s2 6 o

30
40
55

1,800
2,400
3,300

86.51
.23
.11

min

sec

0
5

60

3,600

65
70
85

3,900
4,200

90
120
125
135
140

5 ,4 0 0
7,2 0 0

5 ,ic o

7,500

8,100
8,400

No. Mo C 33-1350-80

Weight Gain
mg
Observed Corrected
*

Weight
Gain
Area'
mg/cm^

17.33
38.99

0
14 .6 0
32.86

2 ,1 1

6 9 .3 1

58.41

3.75

0.42
0.70
0.82
0.97

87.07
151.61
177.61
207.94

73.37
127.77
149.67
175.23

4 .72
8 .2 1
9.62
1 1 .2 6

86.90
.88
.83
.74

1.0 3

223.10
227 .43
238.26
257.75

188.01
191.66
200.78
217.21

86.70
.53
.52
.48
.47

1.2 3

266.24
303.24
305.41
314.07
316.24

224.36
255 .5^
257.37
264.67
266.50

.6 1

86.96

1.05
1.10
1.19
1.40
1.41
1.45
1.46

0

0
0.94

12.08

12 .3 2
12.90
13.96
14.42
16.42
16.54
17.01
17.13

Remarks:
Molybdenum coil was 50 cm long and 0.0991-cm diameter.
The calculated surface area s 15.5603 cm2 .
It weighed 4.0220 gm.
■
“■Observed wt. gain =
Elongation (cm) x 0.2166 gm where
0.2166 gm was the calibrated wt. gain for 1 cm elonga
tion.
*#Correct6d wt. gain = Observed wt. x ?66.5.0 = observed
wt. x 0.84271
316.24 *
***Wt. gain per cm2 = Corrected wt. gain gm
15.5603
cm^

57
Estimated values of k from y *» k t^/2 are listed as
follows:
Temperature

log K

k

l/T

at 1050°C

2.57

X

10“ 2

-1.590

7.56 x 10“4

at 1150°C

4.07

X

10“2

-1.390

7.03 x 10~4

at 1350°C

11.40

X

IQ”2

-0.943

6.17 x 10"4

The calculation of k and log k are listed in Appendix C.
The parabolic rate constant for siliconizing of mo
lybdenum follows the Arrhenius equation,
k = A e-E/M
where E is the activation energy, A is a constant, R is
the gas constant and T is the absolute temperature.

The

equation can also be expressed as
In k = In A - -g- |

log k = log A - 2^§R~ T

°r

Thus, if log k is plotted against l/T, the slope of the
straight line is represented by E/2.3R.

The numerical

solution of the equation gives a value of the activation
energy E of approximately 21.6 kcal/mole, as shown by
Figure 11.
In siliconizing tantalum, all the procedures and
precautions taken in the siliconizing of molybdenum were

-*|a|
I
u
U
(0
M
I

s

u
oo
P A R A B O L IC R A T E C O N S T A N T (log k),

s

Figure 11.

Temperature Dependence of Rate Constant for Siliconizing Molybdenum

^

oo
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carefully followed.

The general trends and experimental

results show similarities to those obtained for molybde
num.

The values of the weight gain per unit area versus

time are plotted on log-log scale in Figure 12; the de
tailed conditions of siliconizing and the experimental
data are listed in Tables VII, VIII, IX, and X for three
different temperatures.

Note that the siliconizing of

tantalum was carried out at generally higher temperatures.

c ) Geometry of the Reaction Chamber and Forms
of Metal Substrate
The variations of the reaction chamber size and its
construction, as noticed in the early experiments, indi
cated strongly the mode of variable deposition.

It Is

understandable that the diameter, length and contour of
the siliconizing chamber would affect the flow pattern of
siliconizing gas, thus changing the uniformity of the tem
perature or the rate of heating and cooling by conduction,
convection and radiation.
It was noticed that there was a minor variation in
the thickness of the deposit along the length of a piece
of metal substrate.

One end near the Incoming siliconiz

ing gaseous mixture would receive more impinging mole
cules as compared to the opposite end, where the concen
tration of gaseous mixture might be low.

However, if the

sample length was not over 3/4 inch, the difference was
practically negligible.

W EIGHT G A IN

(mg
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TABLE VII
CONDITIONS AND RESULTS OP SILICONIZING TANTALUM

2

1

Manome ter
Exp't pressure,
cm

3
H 2 molar
flow rate
(per hour)

%.

4
SiClfy
bath
temp,
°C

5
SiClfy
molar
flow rate
(per hour)
%

6
SiClfy
H2

7
Coat
ing
time,
hr

8
Coat
ing
temp,
°C

10
9
Total
Weight gain
sample
weight, total mg/cm^
gm
mg

29

0.5

0.2384

3

0.0318

0.133

3.5

1200

3.59

103.9

9.11

31

0.5

O.2384

6

0.0363

0.154

3.5

1350

2.41

119.5

12.22

35

0.6

0.2840

2

0.0354

0.1248

4.7

1480

3.73

280.1

23.64

teanur.-

Remarks:
Column 2:

Pressure of H 2 Is expressed in cm of dibutyl phthalate.

Column 3 •

Calculated from calibrated H2 volume-pressure curve (Figure 37).

Column $:

See calculation on previous pages.
Qg depends not only on flow rate
of Qjj, but also on the temperature of SiClfy bath.

Column 9*

Actual weight of the sample before experiment.

Column 10:

See calculation on Table
ON

H
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“TABLE VIII
SILICONIZING OP TANTALUM
Temperature 1200°C
Time Elapsed
min

0
300
900
1,50 0

230

.10
.16

.25
.41
.45

10,200

.79
.73
.70

10,800

.69

.47
.53
.56
.57

11,400
12,000
12,900
13,800

.68
.66
.59
.59

7,500

190
200
215

.03

.1 6
.10

.22

125
145
170
180

0

.04

110

100

94.26
.23

.0 1
93.85

1,800
2,100
6,000
6,600

30
35

Elon
gation ,
cm

sec

0
5
15
25

Catheto
me ter ,
cm

8,700

.81

.58

.60
.67
.67

No. Ta-T 29-1200-66
Weight Gain
mg
Observed Corrected
*
*■*

0

We ight
Gain
Area’
mg/cm 2

0

0

34.66

4.65
15.51
24.82

0.408

1.360
2 .17 6

47.65
54.15
88.81
97.47

34.12
38.77
63 .58
69.78

2.991
3.399
5.574
6.118

101.80
114.80

72.88

6.50

21.6 6

6.390

12 1.9 6
123 .46

82.19

87.32

7.206
7.656

88.39

7.750

125.63
129.96
145.12
145.12

89.95
93.05
103.90
103.90

7.886
8.158
9.110
9.110

Remarks:
Tantalum tube was 3 .9674 cm long, 0.475 cm outside
diameter, 0.0437 cm inside diameter.
Calculated total surface area = 11.4056 cm2 .
It weighed 3.5900 gm.
■“■Observed weight gain =
Elongation (cm) x 0.2166 gm
where 0.2166 gm was the calibrated weight gain for
1 cm elongation of a 4 gm fused quartz spring.
**Corrected weight gain = Observed wt. x .
IQILr-gQ.
145.12
= Observed wt. x 0.715 69*
***Weight gain per cm2 = Corrected wt. .gain gm
11.4056
cm2
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TABLE IX
SILICONIZING OF TANTALUM
Temperature 1350°C
Time ^lapsed
min

0

Catheto
me ter,
cm

Elon
gation ,
cm

sec

5

11

0
300
660

18

1,080

25
28

1,5 0 0
1,6 8 0

No. Ta-C 3 1 - 1350-69
Weight Gain
mg
Observed Corrected
*

.86

0

0

0.42

36.37

.40
.20

1.08

93*53

1.24

48.74
51.87
58.95

65.63

4.98
5.30
6.03
6.71

1 6 0 .2 1

72.70
73.83

7.44
8.12

93-28

0.88

7 6 .2 1

45

2,280
2,700

.04
92.96
.42
.25

1.50
1.67

107.38
114.31
129.90
146.22

55
65
70
90

3,300
3,900
4,200
5,400

.07
91.90
.84
.71

1.85
2.02
2.08
2.21

174.93
180.13
191.39

105
128
150
171

6,300
10,260

.56
.51
.46
.41

2.36
2.41
2.46
2.51

11,400

.26

12,30 0
12,60 0

.25
.23
.03
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190
205
210
215
220

7,680

9,000

12,900
13 ,200

Weight
Gain J
Area’
mg/cm^

90.88

1 .3 2

204.38

0
1 6 .5 2
3 4 .5 3
4 3 .6 1

0
1.69
3.53
4.46

8 1 .7 4

8 .3 6

86.85

8.88

92.74
94.71

213.04
217.37

96.67
98.64

9.49
9.69
9.89
10.09

2.66

230.36

2 .6 7
2 .6 9
2.89

231.22
232.95

104.53
104.93
105.71
113.57
119.50

10.69
10.73
10.81
11.62
12.22

3.04

2 0 8 .71

250.27
263.26

Remarks:
Tantalum coil was 36 cm long and 0.0864 cm diameter.
Total area of the wire = 9.7716 cm2 .
It iveighed 2.4140 gm.
♦Observed weight gain =
Elongation (cm) x 0.0866 gm
where 0.0866 gm was the calibrated weight gain for
1 cm elongation.
♦♦Corrected wt. gain = Observed wt. x
- Observed
wt. 2 0.4538
263.23
♦♦♦Weight gain per cm2 = Corrected w t . gain gm
9 •7716
cm^
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TABLE X
SILICONIZING OP TANTALUM
Temperature 1480°C

Time Elapsed
min

Cathe to
me ter,
cm

Elon
gation ,
om

sec

0
10

No. Ta-T 35-1480-87

Weight Gain
mg
Observed Corrected
*
-**

Weight
Gain
Area'
mg/cmz
***

0
600
900
1,50 0

95.63
.47
.31
.27

0
0 .16
0.32
0.36

0
3^ .656

2,100
2,700

0.58
0.71
Ha•IX
1.18

125.6 28
153.786
240.426
255.588

73.03
89.40
139.77
148.58

6.14
7.52
11.76

5,10 0

.05
94.92
.52
.45

95
105
118
125

5,700

.33

1.30
1.37
1.42
1.44

281.580

16 3 .6 9

296.742
307.572
311.904

172.51

13-77
14.52
15.05

135

8,100
13,200
13,800
15,600
16,500

1.47
1.91
1.95
2.13

318.402
413.706
422.370
461.358
483.018

15
25
35
45
77
85

220
230
260
275

4,620

6,300
6,900
7,500

.26
.2 1

.19

.16
93.72

.68

.50
.40

2.23

69.312
77.976

0

0

20.15
40.29
45.33

1.69
3.39

178 .8 0
1 8 1 .3 2
18 5 .1 0

240.50
245.54

2 6 8 .2 1
280.80

3 .8 1

12 .5 0

1 5 .2 6

15.83
20.24
20.67
22.57
23.64

Remarks:
Tantalum tube was 4.1275 cm long, 0.475 om outside
diameter, 0.437 om Inside diameter.
Calculated total wall area s 11. 879 cm2 .

It weighed 4.0143 gm.
♦Observed weight gain =
Elongation (cm) x 0.2166 gm
where 0 .2166 gm is the calibrated weight gain for 1 cm
elongation of the 4 gm fused quartz spring.
♦♦Corrected wt. gain = Observed wt. x 28.0180 = Observed
wt. x 0.58134
483.018
♦♦♦Weight gain per cm2 = Correp.te^welffcfr gain fiL,
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A small molybdenum sheet (of 0.030-inch thickness)
weighing about 3.51 grams was siliconized at a tempera
ture of 1075°C for about 5.5 hours in one of the testings.
The sheet was cut with a hacksaw, and the cut edge was
left unpolished.

After siliconizing, these roughened

edges were found to be reasonably well coated with sili
cide.

The penetration into small fractures or crevices

by the vapor phase deposition was indeed effective.

The

severely cold worked areas often have a greater potential
energy resulting from the stress.

This might have en

hanced the process of diffusion to obtain heavy silicide
coatings in the areas near the cut and deformed edges.
Figure 13 shows the deposited metal sillcides at and near
the metal crevices.

The growth of the coating on each

surface continued until a boundary line was formed at the
middle where inclusions or entrapments remained.

This

process shows the possibility that •'bounding1' or "welding”
can be achieved between two metal samples of complicated
shapes.

The deposit of MoSi2 was unusually heavy in the

fractured areas.

The diffusion zone of molybdenum-rich

phases, Mo^Si^ and Mo^Si (lower sillcides) is readily ap
parent, particularly near the tip of the crack.

The same

phenomena were observed in the case of tantalum metal sub
strates where imperfections, as holes or fractures, could
be "deposited" with reasonable ease.
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The weight gain and nature of the siliconizing coat
ing were also found to be affected to a certain extent by
the shape of the specimens.

In two of the experiments,

tantalum tubes were used as the substrate metal, while in
a third, a colled tantalum wire was siliconized.

Figure

12 Indicates that the rate of siliconizing of coiled
tantalum wire was somewhat slower than that of the tanta
lum tube.

This might be due to the difference in the ef

ficiency of the induction heating.

In other words, the

rate of siliconizing tantalum coil was similar to the
siliconizing of molybdenum samples which were also in coil
form, while the siliconizing of tantalum tube seemed to
occur at a slightly higher rate.
d) Ionizing Charge and the Deposition Efficiency
The process of electrochemical deposition or refin
ing of metals from an aqueous solution is well known
where the metallic ions are transported to a cathode and
deposited as a metal.

A similar process may also be opera

tive when the gaseous species are ionizable or partially
lonizable by an electrical potential at elevated tempera
tures.

In other words, the positive and negative ions

are attracted to the electrodes of opposite charge within
the gaseous phase.

It Is reasonable to assume that the

rate of the deposition would depend upon the degree of
the ionization or dissociation and concentration of the
ionizable or decomposlble compounds.
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A schematic arrangement used for the siliconizing of
molybdenum is shown in Figure 14.

In the siliconizing

chamber the molybdenum sample was attached to a nega
tively charged supporting molybdenum wire hook to which a
D.C. potential of 25 volts was applied.

An 8 microfarad

capacitor was connected between the D.C. power supply and
ground to reduce the R.F. feedback to the power supply.
A positive potential was applied to the glass tube of the
siliconizing chamber with a copper strip wrapped around
the outside.

The average weight gain after siliconizing

proved to be much higher than in previous experiments con
ducted at 1100°C.

(See Experiment E 36 on Table III).

The experiment provides evidence that the efficiency
of the siliconizing process might be significantly in
creased through the use of an electrical potential (See
VI, Section B) to increase the concentration of silicon
ions at the surface upon which deposition is desired;
however, a more quantitative study would require a sig
nificant redesign of the siliconizing chamber to provide
an internal anode, preferably made of materials such as
graphite or special materials capable of resisting high
temperature corrosion of chlorine atmosphere.

I
I
I
P ow er
Source

ooooo

T o Ground

y

F igu re 14.

Siliconizing of Molybdenum Under

E le c tric a lly Charged F ield.
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B. Studies and Evaluation of Coating Structures
1. Metallographic Examinations
It was necessary to evaluate carefully and critically
the various samples of molybdenum and tantalum after siliconialng at different temperatures.

Metallographic examination

of the cross sections of many coated specimens proved to be
one of the most revealing and instructive techniques for
evaluating the physical characteristics of these materials,
particularly in coating thickness, where diffusion zones
were evident.

In addition, the variation of grain sizes,

hardness, orientation and inclusions were also observed.
a) Preparation of Samples for Meta11ography
Standard metallographic polishing equipment was
used for sample preparation.

Special care was taken to

prevent the fragile coatings from cracking off from the
substrate.

Resin-bonded, fine grain size thin disks

were used for cutting the specimens.

Back-up materials,

such as copper or stainless plate, in the form of bars
or tubes, were used to support the specimens during cut
ting, mounting and polishing.

Most polishing was done

carefully by hand on fine grit papers, 200, 400 and 600
mesh, before using levigated aluminia (Linde B and A)
for final polishing operations.

Some samples had to be

mounted in cold cast plastic materials in order to avoid
stresses resulting from the hydraulic pressing opera
tion.

At the later part of this study, it was found
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that by using the Syntron Vibratory Polisher*, the coating
texture could be preserved much better.

Otherwise, copper

electroplating of the siliconizing metal specimens was de
sirable in order to protect the coating and particularly
the edge from rounding off.

During recent years, effort

to develop improved methods by electropolishing or etching
for metallographic p r e p a r a t i o n ^ ) of various types of re
fractory metals has been emphasized.

All metallographic

work was done on a Bausch and Lomb Research Model Metallo
graphy
b) Mlcrostruoture of Siliconized Molybdenum
and Tantalum
It is invariably true that the texture of the coating
formed, as MoSi2 » on siliconizing molybdenum was compara
tively fine grained and uniform sized when the siliconiz
ing temperature was low, about 1050°C.

The microstl*ucture

of molybdenum may be made apparent by etching in KOH and
K 3 Fe(CN)g.

This is shown in Figure 15 wherein the lines

of striation show the direction of rolling of a piece of
the molybdenum in the "as received" condition.

In the

case of a sample of siliconized molybdenum (Figure 16), a
thick layer of molybdenum disilicide and a thin layer of
molybdenum rich silicide are shown near the molybdenum
♦Syntron Vibratory Polisher:
The specimens are immersed
in a slurry of Linde fine B alumina against a vibrating
polishing disk.
The aotion is gentle and slow.
A number
of specimens may be polished at the same time.
It is
particularly good for polishing brittle materials.
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substrate.

The molybdenum metal has a recrystallization

temperature range slightly above 1000°C, depending on the
impurities, the extent of original cold working, as well
as the time at high temperature.

The photomicrograph (Fig

ure 16) indicates that the molybdenum after siliconizing
exhibits a minor amount of primary recrystallization.

How

ever, the original direction of cold working is still
shown parallel to the coating surface.
At higher siliconizing temperatures the coating is
not only thicker, but the interdiffusion zones between the
MoSi2 and the molybdenum substrate are much more extensive.
Figure 17 shows the cross sectional details of the coating
and the substrate molybdenum obtained upon siliconizing at
1350°C for 2.5 hours.

The two pictures are identical

areas when viewed under polarized and bright field illumi
nation as indicated.

The upper part is the molybdenum

disilicide coating and the lower part the molybdenum metal
substrate.

The layers, which are apparent between molybde

num and the thick M 0SI 2 layer, are the lower silicides of
Mo^Si^ and Mo^Si.
The square marks are the indentations produced by a
Vickers Diamond Hardness tester.
Hardness).

(See next section under

The intermediate layer of Mo^Si^ is much

thicker than the Mo^Sl layer.

The Mo^Sij zone increases

in thickness upon heating at higher temperature and/or
longer time by the processes of the solid state diffusion.

Molybdenum
Disilicide

M osSia

Mo3Si
Molybdenum
M etal

250X
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Figure 17.
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The bright field illumination (right side) reveals certain
non-uniformity of the MoSi2 coating texture, while under
polarized light (left side), the grain structure of MoSi2
is well defined.

The grains are nearly equiaxial.

How

ever, they are larger near the metal substrate and smaller
toward the coating surface.

It is interesting to note

that the inclusions and impurities, solid or gaseous, are
much more concentrated at the grain boundaries, as shown
by the small white dots in upper MoSi2 layer under the
polarized light.

One may also observe that the cracks at

the left and upper right corner are both intergranular as
well as transgranular.
The etchant, KOH-f- KjPefCN)^, did not attack the
Mo-Si compounds, but clearly exposed the recrystallized
grain structure of the metal, since siliconizing at 1350°C,
the molybdenum metal was well above the recrystallization
temperature range.
In a very similar manner, in the lower temperature
range (around 1200°0) of siliconizing on tantalum showed
a formation of TaSl2 coating with a rather thin diffusion
zone of lower silicides, while high temperature siliconiz
ing would form more extensive zones of diffusion as indi
cated on Figure 19.

A low magnification of the general

characteristics of a coated tantalum wire is shown on
Figure 18.
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2. Microhardness Measurement
Engineering materials, particularly metals, have often
been evaluated with the hardness tester to reveal their
physical properties such as brittle-ductile behavior, nature
of fracture, and hardness.

In the case of the siliconizing

of refractory metals, where the coatings and diffusion lay
ers of Intermetallio compounds may not be thick, the micro
indentations obtained with the Diamond Pyramid Hardness
(DPH) tester, have been most useful and Informative.
The hardness is expressed on a numerical scale by the
use of a 136° diamond pyramid lndentor pressed with a known
load against the material.

The diagonals of the resulting

indentation are measured, and the hardness number calculated
by dividing the load by the surface area of the indentation.
The equation for calculating the Diamond Pyramid Hardness i s :

2 L Sin

9

DPH =
where

L =r Load in Kg
9 zr 136° (angle between two diamond faces)
d =

average diagonal of the impression in mm

or
DPH =

1.845 L
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The equipment used was the Bergmann type Micro-hardness
Tester*, which can be mounted on the Bausch and Lomb Research
model metallograph.

The load can be varied accurately from

1 gm to 200 gm, and the precision microscope is capable of
measuring to + 0.0001 mm (one micron), such that the hard
ness is expressed in Kg/mm^.
It is generally true that the processes taking place
during "fusion-melting" and shear deformation are similar to
those taking place during hardness measurement, with hard
ness and melting point raising as shear deformation becomes
more difficult.
From a number of measurements with many samples of sill
conized molybdenum and tantalum, the average DPH values on
various layers of silicide compounds and the metal sub
strates were calculated.

All the Indentations were made

with a 15 gram load.
A typical representation of the diamond pyramid hard
ness (DPH) values of siliconized molybdenum and siliconized
tantalum samples are shown in Table XI.

The DPH values of

alloyed and tool steel together with that of pure aluminum
are listed for comparison.

*Bergmann Micro-Hardness Tester, made In Sweden, is avail
able at Olson Scientific Instruments, Inc., 35-08 Crescent
Street, Long Island City 6, New York.
(STillwell 6-0439)

TABLE XI
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DIAMOND PYRAMID HARDNESS VALUES OP
MOLYBDENUM, TANTALUM AND THEIR SILICIDES

Material

Designation

Molybdenum

as received

Molybdenum

after siliconizing

2nd zone
Lower silicide

Mo«j Si (Mo-rich)

1st zone
Lower silicide

Mb^Si^

Thick outer coating MoSi2
Disilioide
Material

Designation

Tantalum

as received

Tantalum

after siliconizing

2nd zone
Lower silicides

Ta^ jjSi

1st zone
Lower silicide

Thickness*

DPH*
340

(substrate)

201

3.8

664

11.2

664

50

1284

Thickness**

DPH**
450

(substrate)

391

4.0

2088

Ta^Si^

8.3

3428

Thick disilicide

TaSig

27.5

1281

Outer coating

TaSi2
"frozen"
liquid

24.5

Tag Si

Comparative materials:
Complex carbide

with W, Cr, V in high speed steel 2820

Martensitic steel

0.85 per cent C (hardened)

Ferrite

0.04 per cent C steel

Aluminum

pure

1770
210
71

*The thickness of the molybdenum silicides layers and the
DPH values are obtained from a sample similar to one
given on Figure 17.
**The thickness of the tantalum silioides layers and the
DPH values are obtained from the sample shovm in Figure 19 •
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It is believed that the measured DPH values are reason
able compared to the published values such as given by
Fitzner^-^*-^ who reported for MoSig a value of 1260, com
paring favorably with the value of 1284, obtained in this
study.

From the values obtained for tantalum lower silicides

(2088 - 3428), it is apparent these are much harder than the
molybdenum silicides.

The DPH values of the Mas received"

molybdenum and tantalum metals are higher than those of the
same metals after siliconizing.

Apparently the partial re

crystallization and the recovery from the cold drawing dur
ing the processes of siliconizing lowers the hardness values.
Figure 19 shows that the TaSig layer is comparatively
brittle, and many cracks were seen in the TaSig zone; how
ever, a good number of the cracks ended in the zone of the
Ta^Sij intermediate layer.

The intermediate zones of the

molybdenum lower sillcides, Mo^Si^ -f Mo^Si, are softer than
MoSi2 , (See Figure 17), while the intermediate zones of
Ta^Si-j together with Ta2Si are much harder than either TaSi2
or MoSig.

3. Evaluation of the Siliconized Molybdenum and Tantalum
by X-ray Diffraction
Siliconized surfaces of both molybdenum and tantalum,
as well as the metal substrates, were subjected to X-ray dif
fraction analysis with a Norelco, Geiger-Muller Counter,
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X-ray Spectrometer.

CuK*. radiation ( X = 1.542 a.u. ) as fil

tered through with nickel foil was used in all experiments.
a) Differentiation of Siliconized Surfaces
The siliconized coating covered the metal substrate
to such a degree that no molybdenum or tantalum metal
diffraction peaks were detected.

(See Figure 20.)

How

ever, a partially coated siliconized molybdenum sample
did give mixed peaks of the molybdenum and MoSi 2 .
No free silicon could be detected in the diffractogram of molybdenum siliconized at various tempera
tures.

However, in the case of siliconized tantalum,

free silicon was detected in the X-ray pattern (Appen
dix G-3) for the sample siliconized at the high tempera
ture of 1480°0.

The peak was registered at 2 © = 28.4°,

which is the strongest peak of free silicon (111 face).
However, in the case of low temperature, 1100°C, sili
conized tantalum, no free silicon could be detected
(Figure 21).
An X-ray powder pattern was obtained from a sample
of synthesized MoSi 2 » which was prepared by the sinter
ing of a mixture of 200 mesh molybdenum and silicon
powders in the atomic ratio of 1 to 2.

The sintering

was conducted in an argon atmosphere at 1350°C for 2
hours.

The X-ray diffraction of this material con

firmed the complete formation of MoSig, with no
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indication of minor phases or unreacted powder.

The

peaks of the X-ray pattern coincided exactly with the pat
tern obtained from the surface layer of the siliconized
molybdenum (Appendix G - 2 ).
b) X-ray Studies on Codeposited Phases

(TaSlo

and T a C )
As described previously (Part A-l-d), during the
siliconizing of tantalum at 1200°C, the presence of high
vapor pressure of vacuum grease in the siliconizing sys
tem caused the formation of carbide concurrently with the
silicide.

This finding was confirmed and re-examined by

the X-ray analysis.

Both the X-ray spectrometer and film

patterns of this surface confirmed the presence of the
“mixed phases" of TaSi2 and TaC.
In Figure 22, the upper curve shows the X-ray spec
trometer patterns of the codeposited phases of tantalum
disilicide and tantalum carbide, and the lower curve
shows a pattern of tantalum disilicide surface produced
by siliconizing at 1450°C.

No carbide is detected in the

latter case where the hydro-carbon vapor was absent dur
ing siliconizing.

However, it is interesting to note

again here that a very minor peak of silicon (111 face)
at 29 value 28.4 degrees is observed.

With the codeposi

tion, the concentration of carbide in the upper curve is
rather high as shown by the dominant intensities of
their peaks.

Figure 22. X -r a y Spectrometer Pattern Showing the Codeposited Phases of TaSi 2 and TaC.

86

87
A tabulation of the lattioe parameters of the TaC
and TaSi2 in the oodeposited coating is shown in Table
XII.
TABLE XII
COMPARISON OF LATTICE PARAMETER OF TaC AND TaSi2
CALCULATED FROM THE CODEPOSITED COATING

Phase

TaC (Cubio)

Parameter

ao

TaSi2 (Hexagonal)
ao

c0

Calculated from
Experiment

4.455 A

4.7814 A

6.5569A

Literature (ASTM)

4.456

4.7821

6.5595

Deviation

-0.001

-0.0007

-0.0126

Per Cent
Deviation

-0.02

-0.014

-0.19

The calculations of the lattice parameter and the
X-ray data are listed in the Appendix F 1-2 and G 1.
It is interesting to examine the microstructure of
the codeposited coating on tantalum after the siliconiz
ing treatment at 1200°C.

Figure 23 shows the grain

structure and diffusion zone of the coating.

4. Electron Micro-probe Analyses
One of the recent advances in mlcroanalytioal technique
is electron microbeam analysis which irradiates a minute
surface area of the speoimen to be investigated.

The
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microbeam of electrons is accelerated with a high potential
and focused by means of electro-magnetic lenses to a diameter
of about 1 to 2 microns from a refined optical system, as
proposed by Castaing(29 ).

The technique is based upon the

principle of secondary emission of X-rays which are analysed
Toy diffraction from a single crystal.

The most important

application of the microprobe has been in the field of metal
lurgy for theoretical as well as technological studies par
ticularly related to phase identification, diffusion and s e g 
regation.
For the electron microprobe analysis, the siliconized
samples of tantalum or molybdenum were mounted in bakelite
specimen having 1 “ diameter,

l/2 u thickness, in the same m a n 

ner as used for the ordinary metallographic examination.
However, precautions had to be taken not to apply etchant to
the specimen, since minute amount of reaction products from
etchant would cause " disturbance" of analytical results.
The area analysed was marked along the lines of the micro
hardness indentations for special identification.

The speci

men was made conductive by applying a line of Aquadac

(graph

ite paste) on the specimen mount before subjecting it to the
analysis, thus eliminating not only the Joule heating, but
also the static charge which would tend to defocus the in
strument
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An electron microprobe analysis* was made on a sample
of siliconized tantalum which was prepared at about 1250°C.
The path of the probe scanning is shown on Figure 24 along
the line marked by the micro-hardness Indentions.

The scan

ning was first made on the core of the high purity tantalum
metal during which the intensity of the spectrometer ana
lyser was adjusted to provide the highest sensitivity.

The

probe then traversed outward perpendicularly across the vari
ous zones of the silicides.

Figure 25 shows the result (re

sketched) of this probe analysis, while Figure 26 gives a
part of the original profile from the X-ray spectrometer.
The detailed data, such as diffusion zone thickness, phases
and composition are listed in Table XIII.

Areas of constant

tantalum composition gave reasonably uniform horizontal line,
while the area with variable compositions, such as within
the narrow phase boundaries, could be sharply differentiated
as shown b y sudden drops of the tantalum concentration on
the vertical scale.
The thickest outer layer of the coating was TaSi 2 »
which was also identified by the X-ray analysis.
ner layer of Ta 2 Si phase

The thin

(5.86 microns) was far too small to

be resolved by ordinary X-ray analysis, yet it was definitely

*The experiment was carried out at the Research Laboratory
of the Eastman Kodak Company, Kodak Park, Rochester, New
York.
The instrument was made by the Applied Research
Laboratories, Inc. (a subsidiary of the Bausoh and Lomb
Optical Company), P.0. Box 1700, Glendale 5, California.
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TABLE XIII
SCANNING OP TANTALUM CONTENT IN A SILICONIZED TANTALUM
SAMPLE B Y ELECTRONBEAM MICROPROBE ANALYSIS (Sample No. l)

Point
on
chart

a
b

Height
intensity
max. 100

96
96

Tantalum
content,
weight

Thickness
horizontal scale
.................. —

per cent

reading

div.

microns

0
33.8

0
33.8

0

100
100

Coating
zone
thickness,

—

3 6 .3 1

Chart
region

Phase

Remarks

microns
0
(substrate)

(a-b) Ta

Ta Core

from b

c
c
a

89
87.5

9 2 .6

3^-5
40.0

0.7
6.2

0 .7 5

0.75

91.2

6.6l

5 .8 6

(b-c) 2 phase
(1 phase)
(c-d) Ta2Si

e

74

77.1

42.6

8.8

9 .3 8

2.77

(a-e) 2 phase

f
g

74
80

77.1
83.4

62.0
62.7

28.2
28.9

30.08
30.81

20 .70

h
i

74
74

77.1
77.1

64.0
157.7

3 0 .2

123.9

32.19
132.08

k

68
68

70.9
70.9

158.5
195-0

162.2

1 2 4 .7

132.93
172.91

(e-i) TaSi?

Peak due
to crack
Thick coat

(i-3)
(J-k) "Edge"

Exp't off

0.73
122.7
1.38
9 9 .8 9

0.85
3 9 .9 8

*The chart speed was adjusted so that every 7.5 horizontal division is equivalent
to 8.0 microns or 1 division = 1 .0 6 6 micron.
vo
•p*
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delineated by the electron probe.

However, the difference

between Ta5 Si3 and Ta 2 Si could not b e further resolved,
since the weight percentage difference of the tantalum is
only about 1.3 % between these two phases

(See Table XIV).

It should be pointed out here also that cracks or voids
In the sample will show Intensity variations in electron
probe analysis due to "scattering and irregularity".

The

area marked f-g-h in Figure 25 and Table XIII is a crack in
the sample (See photomicrographs on Figure 24).
Phase formation and phase compositions will b e further
discussed later.

(See section on "Correlation of Phases

with Phase Diagram" under Discussion).
It is apparent that there are certain limitations in
differentiating between zones of 2 to 3 microns in width.
However, a zone of 4 to 3 micron width can be more decisively
analyzed.
The sensitivity of the electron probe analysis was r e 
markably good, as evidenced by the deviation of within one
per cent of the theoretical values in all cases, with no cor
rection factor applied.
In order to clarify further the analytical results and
the correlations between the various diffusion zones, a
separate sample (Ho. 2) of siliconized tantalum was analyzed

TABLE XIV

COMPARISON OP THEORETICAL VALUES OP TANTALUM IN TANTALUM
SILICIDES WITH THE RESULTS OP ELECTRON PROBE ANALYSIS
(Sample of Tantalum Siliconized at 1250°C)
Tantalum
and

Crystal
system

tantalum
silioides

Atomic per cent
Ta

Ta

Weight per cent

Si

Ta

Si

10 0 .0 0

0

100 .0 0

0

Probe analysis
of tantalum
by weight
10 0 .0

T&4 .5 SI.

Hexagonal

8 1 .8 2

1 8 .1 8

96.64

3 .3 6

—

Ta2Sl

Tetragonal

66.66

33.33

9 2.8

7.2

91.7+

Ta5 Si3

Hexagonal

62.50

3 7 .5 0

91.5

6.5

91.7-

33.33

66.66

7 6 .3

23.7

77.1

Tetragonal
TaSi2

Hexagonal

Remarks

Core
Not detected
Not easily
differentiated
from TatjSl^
Identified,but
not easily
separated from
the Ta2Si
Precisely
identified,
practically
constant
concentration

70.9 *
Calculation based on the molecular weight:

tantalum = 180.95 and silicon = 28.08

♦The low concentration of tantalum in this area could mean a "big gap of crevices"
resulting from "edge polishing" or "rounding off" in the specimen.
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by another electron microprobe Instrument* along the path
parallel to the line marked by the micro Indentations, as
shown In Figure 27.

Profiles were made, not only on tanta

lum, but also on silicon.

The scanning profile of the micro-

probe analysis for tantalum is shown on Figure 28.

This in

dicates that the total thickness of various Intermetalllc
layers of silicides is approximately 56 microns.

The distri

bution of phases and thickness is listed in Table XV.

TABLE XV
THICKNESS OF VARIOUS ZONES OF SILICONIZED TANTALUM
(sample No. 2)

Ta metal substrate (top)
Inner:

Outer:

oore

Ta

1st Ta - rich silicide

4.6

Ta2Sl 4* Ta^

2nd Ta - rich silicide

6.4

Ta5Si3

3rd Thick slllolde

22.2

TaSig

4th Thick silicide
(lower)

22.2

TaSig

This sample was heated to a higher temperature of 1450°C
during siliconizing.

The diffusion zones of TagSl and Td^Sl^

layers were thicker than those shown In Figure 24, where the
*The sample was analyzed by the Advanced Metal Research
Laboratory, 1625 McGrath Highway, Somerville 45, Mass.
Equipment was built according to the setup proposed by Prof.
R.E. Ogllvie, Metallurgy Department, Massachusetts Institute
of Technology.
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siliconization was conducted at a lower temperature of about
1250°C.

The speed of scanning of the tantalum specimen by

this electron-probe analysis was 20 microns distance per
inoh of chart speed.
ers were revealed.

Metallographically, four discrete lay
However, the tantalum distribution shows

no variations between the two outermost 22.2 micron layers.
The three compositional differences shown by the profile
based on tantalum distribution (Figure 28) were Ta, Ta2Si-fTa^Slj and TaSig*

Difference between Ta2Sl and Ta^Si^ could

not be resolved distinctly without a special extended period
of "counting".

It is important to point out that from the

electron probe data it is evident that the TaSi2 zone extends
all the way through the two thick outer layers, while the
same layers metallographloally might have been misinterpreted
to show different compositions.
Figure 29 is the profile of the distribution of silicon
for the same siliconized sample (Figure 27).

It shows here

a slight depletion of silicon in the outer surface layer, in
dicating some possible "contamination" of the silicon in this
layer possibly from oxidation of the tantalum dlslllcldes.
It was expected that the profile based on silicon distribu
tion would provide much less accuracy because of the low
atomic number (14) of silioon.
An electron probe analysis was also made of the sili
conized molybdenum speoimen.

The profile scanning for

molybdenum and silioon is shown on Figures 30 and 31
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respectively.

The "scattering or* irregularity" close to the

molybdenum metal and intermediate phase interface could be
the result of "contamination" due to previous etchant attack
and may be disregarded.

The intermediate phase of Mo^Si^ is

decisively shewn in both profiles for molybdenum and silicon.
Again the near surface layer of MoSi2 indicated by the u n 
usually high peaks was due to irregular cracks, contamina
tion and/or oxidation.

MoSi2 is the principle layer.

intermediate layer has the composition of Mo^Si-^.

The

A compari

son of molybdenum and silicon concentration by the electron
microprobe analysis with the theoretical values is listed in
Table XVI.

The profile based on silicon distribution was

generally less accurate than that based on molybdenum in
these analyses.
No evidence of the T a ^ ^ S i or Mo Si 3 phase was noted on
the electron microprobe results.

TABLE XVI
COMPARISON OP MOLYBDENUM AND SILICON CONCENTRATION
BY ELECTRON PROBE ANALYSIS WITH THEORETICAL VALUES
IN VARIOUS MOLYBDENUM SILICIDES

Molybdenum
and
Molybdenum
silicides

Crystal
system

Atomic per cent
Mo

Weight per cent

Si

Mo

Si

Mo

cubic

Mo3Si

cubic

75.00

25.00

91.11

8.89

MoijSi^

tetragonal

62.50

3 7 .5 0

85.06

14.94

60.00

40.00

83.68

1 6 .3 2

(M03Si2)

100

0

100

0

Probe analysis
by weight
Mo
100

Remarks

Si
100

Core
Not detected

82.0* 13.3** Definite
Suggested
literature(55)

MoSi2

tetragonal

33.33

66.66

63.08

Calculation based on the molecular weight:

3 6 .9 2

6 3 .O

Precise

molybdenum n 95.94 and silicon = 28.08

♦Based on molybdenum for the profile analysis according to Figure 30
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♦♦Based on silicon for the profile analysis according to Figure 31

CHAPTER V

DISCUSSIONS

A. Mechanism of Siliconizing
The mechanism of reduction of metal halide (MoCl^) Is
not a simple one as studied by Spacil and Wulff (37)#

The

mechanism of siliconizing of molybdenum and tantalum by the
hydrogen reduction of SICI4 is more complicated.

It is, in

fact, a combined simultaneous prooess of chemical reduction
and high temperature diffusion.

The reaction between the re

duced silicon and the molybdenum substrate Is exothermic at
around 1100°C as found by differential thermal analysis.
The exothermic reaction will certainly further enhance the
Interdiffusion of silioon and molybdenum.

The present ex

periments confirmed and emphasized the need for the large
excess of hydrogen so that the efficiency of the depositionsiliconizing process could be Increased.

The hydrogen to

SICI4 ratio should be 8:1 or higher.
Although the detailed stepwise chemical reactions or
transport mechanism oould not be simply expressed, the fol
lowing equation would generally represent the overall sili
conizing prooess.
2 3 1 0 1 4 + 4H2 + Mo

» M o S12 + 8HC1
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With the excess of hydrogen, the reaction would be driven
toward completion, while the concentration of HC1 should be
kept low and flushed out of the siliconizing chamber to pre
vent the reverse reaotion or the halogenation of the metals
from occurring.
The factors which influence the siliconizing process
most are:
time,

(1) gaseous composition,

(4 ) molar flow ratio,

(2) temperature,

(3)

(5 ) geometrioal shape, and (6)

to a certain extent ionizing charges.

1. Diffusion Controlled Process and Growth Rate
The prooess of siliconizing of refraotory metals is a
diffusion controlled process.

It has been experimentally

shown that the formation of the silicides coating through
the reduction of SICI4 by hydrogen followed essentially the
parabolic growth law at constant temperature (See Figures

9

and 10).

In polyorystalline substances, metallic diffusion may
occur along three distinctly different paths:

(1) the crys

tal lattice, (2) grain boundaries and (3) free surfaces.

In

general, the coefficient of diffusion along these three
paths is rather different, the dlffusivities for grain
boundary and surface diffusion being considerably larger
than the coefficient of volume (lattice) diffusion.

The

transfer of matter in polyorystalline materials will take
place both through the grains themselves, at a rate determined
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by the volume diffusion coefficient IX^., and along the grain
boundaries, Dg .

The relative importance of these two types

of transfer in determining the measured D will depend on the
grain size and the relative magnitudes of Dy and Dg .
In siliconizing of refractory metals by the hydrogen re
duction of S1 C 14 at high temperature, the very initial stage
of the process may be considered largely as surface diffu
sion, which often has low activation energy, and the deposi
tion is comparatively fast.

As the deposition of silicon by

the hydrogen reduction of SiCl^ is increased and diffusion
at the high temperature is enhanced, the formation of MoSi2
no longer results from the direct reaction of silicon and
molybdenum, but rather through the diffusion-controlled
growth of Mo3i2 with constant supply of silicon at the sur
face by the polyorystalline diffusion which involves both
grain boundaries and volume (lattice) diffusion.

Generally,

at lower temperature, the effect of grain boundaries on the
diffusion constant should be greater than at higher tempera
tures, but at very high temperatures, the difference of the
diffusion coefficient between the grain boundaries and vol
ume diffusion is negligible.
The rate of growth of diffusion layers of any degree of
complexity usually follows a parabolic curve according to
Rhine s ^

^, as :

y2 =

k t
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where y is the thickness, t is the time of the reaction
and k is a constant involving the diffusion coefficient
and other variables such as purity, the thermal and mecha
nical history of the materials. This equation may be applied
to all or any group of layers of a diffusion system taken
together,or to any one or part of one layer. The evaluation
of the equation from known v a l u e s o f

the diffusion co

efficient is difficult because of the complexities involved
in the constant.

It is convenient to calculate k from the

measured thickness (or weight gain) and the deposition time,
thus k value can be used to predict the approximate pene
tration of the coating for a definite time of deposition.
In certain instances, the parabolic law may not be applicable,
such as when the coatings are extremely thin or the layers
are cracked.
The relationship of the rate of growth and temperature
b
of diffusion may be expressed by log
= a - — , where
t
!
a and b are constant, and y, t and T are thickness, time
and absolute temperature respectively, all of which may be
measured experimentally.In the original parabolic equation,
O
y /t is equal to k which is the rate constant in the
Arrhenius equation (page 57), k = A e

or similarly

log k = log A - E / R T ,where log A = a and E/R = b. Measurements
of two values of the rate of growth of a diffusion layer
at two dlffernet temperatures are required in order to cal
culate the value of constants a and b. This will permit one
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estimate the rate of the growth of coating layers under Iden
tical coating conditions in a certain temperature range.
This condition is quite generally applicable to many systems.
However, it should be noted that the constants are unique
for each particular diffusion system.

Whenever a phase

transformation is shown at certain temperatures, another n e w
set of constants is needed.
The slope change in Figures 10 and 12 could have re
sulted from the fact that the rate of deposition changed b e 
cause of the dominant formation of a new separate phase of
lntermetallio compounds.

2. Formation of Intermediate Phases Through Diffusion
When two elements or metals form intermediate phases
with each other upon interdiffusion, layers of the inter
mediate phases grow between the two.

Such a diffusion ex

periment has been attempted to determine the phases of a
binary phase diagram.

Theoretically all the intermediate

phases present should be formed, provided their phase nucleatlon and growth are possible.

However, the absence of a

phase predicted by the equilibrium diagram could be due
either to difficulty of nuoleation or to a very low growth
rate.

This will be particularly true where the missing

phases have high melting points and low diffusibilities.
The fact was shown that in low temperature (below 1150°C)
siliconizing of molybdenum and tantalum, the intermediate

Ill
layer formation was limited to MoSi2 and TaSi2 intermetallic
compounds essentially, but when the temperatures were in
creased to 1300°C or higher, thus Increasing the "vacancy
sites" in the lattice and enhanced diffusion, not only were
the disilicide layers much increased in thickness, but also
the growth of the new phases of other silicides, having
higher metal content such as Mo^Si-j (Figure 17) and Ta2Si-fTa^Sij (Figure 19) was comparatively prominent.
Mo^Si or Ta^ ^Si was detected.

However, no

In other words, phases could

be very stable at a certain temperature, but their slow rate
of growth at the temperature prevents the formation of the
high temperature phases.

Castleman and Seigle^2®) found

similar phenomena in Al-Ni alloy systems where low tempera
ture diffusion treatment could not nucleate and/or grow the
high temperature phases.
According to B a i r d ^ ° ) , if layer growth is controlled
by volume (lattice) diffusion through the layer, the phase
should grow parabolically; however, if grain boundary diffu
sion predominates at low temperature, the index "n" in the
growth equation
1
y = k tn
may lie between 2 and 4, where y is the growth in thickness
or weight gain, t is time, k is rate constant of deposition,
n is a constant which may vary between 1 and 4, depending on
conditions.

If oxide films are present between the metals,
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or transfer across phase interfaces is rate-controlling,

"n"

value will lie between 1 and 2 in the early stages of diffu
sion, but later "n" should rise to between 2 and 4.

However,

our experimental results proved that during the siliconizing
of either molybdenum or tantalum, the early stage of the
diffusion-deposition is always at a high rate, having a low
value of "n", as shown b y the steep slopes in Figures 10 and
12.

Although it is true that the surface oxides, contamina

tions and imperfections usually cannot be completely avoided,
they may affect the growth rate to a great extent ^ 3 ) .
As the temperatures of the siliconizing processes are
increased, the initial deposition rate is also increased,
<7

but as the siliconizing continues,

Mn*' values decrease.; At

constant temperature, after the Initial stage of the
"deposition-diffusion11 period, the rate is decreased in
practically every case.

It Is logical to postulate here

that the diffusion rate is changed upon the formation of an
appreciable, new, thick intermediate phase between the metal
substrates and the "instantaneously deposited" silicon.
With the complicated multiple-phase formation, such as in
the case of siliconizing tantalum (see Figure 19), the rate
of deposition-diffusion would be subject to change as the
n e w multiple phase layer grows.
At high temperature, volume
dominate.

(lattice) diffusion will

Layer growth controlled by volume diffusion is
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less complicated.

Selth^^

studied the factors influencing

the growth rate of a layer relating the rate of movement of
a phase boundary to the rate of arrival and removal of mate
rial b y diffusion.

It was concluded that a layer will grow

more rapidly
a) the greater the diffusion coefficient within it,
b) the less the diffusion coefficients in adjoining
phases,
c) the greater the homogeneity range of the phase,
d) the smaller the concentration ranges of the adjoin
ing two phase areas in the phase diagram.
Little information is available on diffusion coefficient for
the high temperature intermediate layers systems, such as
those involving silicon-molybdenum and s1 1 icon-tantalum.

3. Mechanism of Diffusion and Grain Boundary Effect
The classical diffusion equation is shown by Fick's law
S =

- A D

—
dx

where S is the amount diffusing through the area A in unit
time, and dc/dx, the concentration gradient.

The expression

implies that the concentration gradient is the driving force
for diffusion.

However, the implication is no longer appli

cable to many solid state diffusion phenomena, such as in a
nonhomogeneous, anisotropic metallic structure, nor appli
cable in the case of self-diffusion.
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An explanation of diffusion mechanism which has been
generally accepted Is one which attributed diffusion largely
to the vacancy sites

in the crystal lattices, where a

large number of vacancies can greatly facilitate the "Jump
ing" of adjoining atoms.

The average vacancy has only a

limited lifetime in a solid,

since vacancies are continuously

being created and destroyed at surfaces, grain boundaries and
interior positions, such as dislocations.

Many properties of solids have been explained by the
dislocation theory, which is based on the fact that atoms
often "misfit" geometrically in their crystal lattices.

The

energy of the crystal is often at a higher level where dis
location exists, that is to say, a crystal containing a dis
location is less ordered and, therefore, has greater entropy
than a perfect crystal.

One of the most important proper

ties of a dislocation is its ability to move either by shear
stress
cies

(slip) or by acting as a source or a sink for vacan

(climb).

It has been proposed that dislocations cata

lyze crystal g rowth^ 3 )

so that an otherwise perfect crystal

containing dislocations should grow far faster than one
which does not.

For atoms in a perfect crystal lattice,

there would be great barriers to diffusion.
Frank

According to

the presence of dislocations is always a necessity

for growth of crystals by vapor phase deposition or from
solution.
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When the diffusion species in metal systems involve
similar atomic sizes, the chances for direct substitutional
or Interstitial diffusion are generally not preferred b e 
cause of the high activation energy.

This applies particu

larly to closely or nearly closely packed structures such as
body-centered cubic metals, molybdenum and tantalum.

How

ever, in the case of silicon, which has a diamond cubic
structure, it has a much larger interstitial space.

It is

known that the solubility of silicon in molybdenum is small
(0 .9 atomic per cent at 1 3 1 5 °C), while molybdenum reacts
with silicon to form MoSi2 rather readily.
While discussing the diffusion phenomena, it should be
pointed out that grain boundaries are regions of concen
trated and pronounced imperfections in crystal structure,
therefore, diffusion may occur a hundred times faster in the
grain boundary than within the grain bulk.

In molybdenum,

grain boundary diffusion has been found to be a dominant
f e a t u r e ), ©ven at temperatures as high as 2000°C.

Upon

the examination of the photomicrographs of the vapor phase
siliconized molybdenum, the Imperfections in the grain
boundaries of the deposited MoSi2

(Figure 17) are rather con

centrated, as exhibited in the forms of inclusions or voids.
There is a tendency for solute atoms to be collected more
at the grain boundaries than elsewhere.
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The strength of the crystal boundaries would be rather
weak.

It is Invariably true that the crystal boundaries

would also melt at a much lower temperature than the crystal
itself.

From an electrochemical viewpoint, grain boundaries

have definitely different behavior; they are more anodic and
more easily etched.

Nucleation should be easier at the crys

tal boundaries, where the surface energy of the particles is
at a minimum.

Fracture may also initiate at grain bounda

ries, as a result of formation of ‘'defects'* or "voids" by ag
gregation of vacancies, which are generated by the climb of
dislocations.

The boundaries should be the most suitable

places for vacancies to aggregate.

The experimental evidence

showed that voids do actually form during vapor deposition,
sintering or creep.

4. Klrkendall Effect:

Possible Inert Marker Studies

in Mo-Si System
It would be interesting if inert marker experiments
could be arranged for the study of the diffusion character
istics in the Mo-Si system.

In the case of low temperature

systems such as Ou-Zn, molybdenum wire is often used as an
inert marker.

However, in the case of Mo-Si system, one

might try to use zirconia or thoria whiskers as the inert
markers.
Suppose a polished molybdenum plate is directly in
close contact with a silicon sample, so that diffusion will
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take place across the marker interface, after high, tempera
ture diffusion treatment at approximately 1150°C.

It is

postulated here that more of the silicon atoms than the m o 
lybdenum atoms would have diffused past the inert markers,
so that the inert markers would have moved toward the sili
con side of the specimen.
fect ^5).

This is called the Kirkendall ef

The mechanism is attributed again to the vacan

cies in the crystal lattices.

Molybdenum atoms will be

diffused toward the silicon side to form MoSig* while the
diffusion of silicon to molybdenum will be less in reference
to the original boundary interface, called the Mantano inter
face.

In Figure 32, A-^ and Ag represent the amount of molyb

denum and of silicon respectively after crossing the Mantano
interface.
No one has attempted such an experiment because of dif
ficulties involved in providing stable, high temperature,
inert markers.

It is believed that large volume shrinkage

would be encountered in the experiment, due to the fact that
MoSig will contract 24 per cent by volume upon complete re
action of molybdenum and silicon(55).

B. Analyses of Siliconized Coating by X-rays
Ordinary X-ray analyses for the samples of the silicon
ized refractory metals may be used effectively to identify
the coating compounds such as MoSig and TaSig.

It is sig

nificant to point out that a minor silicon peak of 1 1 1 face
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was identified on siliconized tantalum (Figures 21 and 22)
but not on molybdenum.
Tantalum has been used extensively as a core material
on which silicon has been deposited and manufactured in
large quantity as a semiconducting grade product before zone
refining.

The solubility of silicon in tantalum slightly ex

pands the lattice parameter of tantalum; at 1800°C, the solu
bility is less than 0.2 weight per cent of silicon.
solid silicon dissolves very little tantalum.

However,

In the case

of the Mo-Si system, mutual solubility is greater.

This ex

plains why no silicon is detected on the siliconized molybde
num surface by the X-ray analysis.

(See Figure 20).

The identification of TaC as a codeposited phase with
TaSi2

(Figure 2 2 ) was significant.

Although the metallo

graphic etching could not distinctly differentiate the mixed
phases of the two, X-ray analysis definitely proves that
codeposition by the vapor phase process is not only feasible,
but controllable and desirable for many applications.
The attempt to use the ordinary X-ray fluorescent ana
lytical method for the identification of multiphase diffusion
zones was not successful.

Straumanis and S c h l e c h t e n ) re

ported the analyses of titanium diffusion coating on pure
iron.

With the available X-ray fluorescent equipment, the

concentration-depth plot of iron and titanium showed only
the gradual smooth variation.

It is apparent that the method
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failed to show the sharp concentration changes at phase
boundaries between the Ti-Fe intermetallic compounds (Fe-Ti,
TiFeg) which should indicate a reasonably uniform concentra
tion.

The minimum area covered by the ordinary fluorescent

X-ray could not be made smaller than 0.3 mm.

The depth

penetration was around 0.1 to 0 . 3 mm depending on the compo
sition of the alloy layer.

Since the ordinary X-ray beam

could not be further confined, it is natural that the sharp
compositional change cannot he resolved, unless the analyses
are made by the electron microprobe X-ray technique.
C.

Analyses of Siliconized Coating by Electron Beam
Microprobe
Due to the thinness of the interfacial diffusion layers

developed upon siliconizing of refractory metals at high tem
perature, it is feasible to differentiate with reasonable ac
curacy the variation of the concentration of the elements in
various zones by the use of the electron beam microprobe.
This instrument has the resolving power necessary to measure
the secondary X-rays emitted from areas in the 1 to 2 micron
range.
In the case of metals A and B forming a solid solution
upon diffusion, the concentration-penetration plot will show
a continuous smooth curve, while a multi—phase formation
will .always show discontinuities at each phase boundary
limit.

The concentration limit corresponds to an isothermal

section of the equilibrium diagram curves(^5).
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Experimental evidence (Figures 25, 2 6 , 27 and Table
XIII) definitely shows that the resolution of the electron
beam microprobe is very good and capable of delineating the
sharp boundary limit of about 0 .7 5 micron in width (b-c In
Figure 26) between tantalum metal and Ta2Si phase.

The dif

ferentiation of concentration of 1 to 2 per cent tantalum
variation by weight is limited as shown by the probe analy
ses (c-d in Figure 26 and in Figure 27), although further
differentiation may still be possible by extended counting
with repeated scannings.
In the photomicrographs

(Figure 27) of one of the sili

conized tantalum samples, one might conclude that the two
thick, 22 micron layers, are different types of tantalum
silicides, because of the wide variation in crystal texture.
However, the electron probe analysis definitely shows the
tantalum concentration (Figure 28) to be nearly the same;
the silicon concentration in the outer layer is lower (Fig
ure 29).

It was concluded that the two layers of 44.4 m i 

crons are composed of TaSi2 , except that the outer layer may
have been "contaminated" with minor moisture or oxygen dur
ing the later part of the high temperature siliconizing
process.

The irregularity of the profiles shown by the sili

conized molybdenum (Figures 30 and 31) near the sample sur
face are likely due to the surface crack and oxidation.
The accuracy of the electron probe analyser Is not only
attributable to the small area of irradiation, 1 - 2 microns,

122
but also to the use of a standard sample of pure element.
The emitted intensity from the pure element can be compared
to that from the alloy.

This ratio of intensities is a

first approximation of the weight percentage of that element
in the unknown alloy.

The concentration of the element is

given b y the following equation:

where

1^ =

intensity of characteristic radiation from A in
an alloy of A and B
intensity of radiation of same wavelength from
pure A

CA =: concentration of A in volume excited by the
probe
T h e o r e t i c a l l y ^ , it is necessary to correct the ob
served intensity values, because of the absorption and fluo
rescent effects within the sample.

In the case of absorp

tion, some of the emitted radiation is absorbed by the
sample Itself; the correction becomes important if the other
constituent atoms of the alloy differ greatly in their mass
absorption coefficient.

In the case of fluorescence, the

correction is needed because X-rays emitted by elements of
higher atomic number excite the characteristic radiation of
elements of lower atomic number.

The scanning in this study

used a line width of approximately 1 to 2 microns.

Errors

will be increased in determining the percentage of elements
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when the concentration of the element is low.

Provision

could be made for the microprobe analysis to display the in
tensity profile for certain elements on an oscillograph
camera, by s canning^®) the specimen synchronously with the
scanning of the oscillograph.

Thus, overall concentration

variation in a specified area could be conveniently dis
played and retained.
The application of the electron probe analysis

for

materials such as metal diffusion zones and small inclusions
is particularly powerful.

Further investigations for the

studies on the diffusion coatings of various phase forma
tions should be urgently pursued.

D. Hardness Testing
Hardness defines the property of a material to resist
deformation.

Although it does not express a single, basic

physical property, such as specific heat, yield point, its
importance in engineering is well recognized, particularly
due to its widespread applications in metal industries.
In the same class of materials, where stress-strain curves
are generally similar, the hardness values can be fairly
directly correlated with ultimate tensile strength.
Semchyshen and Torgerson^O) not only estimated the high
temperature tensile strength of molybdenum and tungsten from
the values of hardness testing, but also correlated the
values with creep-rupture tests at high temperature.

124
The behavior exhibited by the hardness indentation test
ing is directly related to the plastic deformation on the
area where elastic strain is also involved.

It is reason

able that within the same type of material, useful correla
tion can often be obtained between the hardness values and
mechanical properties, although hardness values give no indi
cation of the presence of cracks or other potential fracture
defects.
A precise and major application of the hardness measure
ment is used for the identification of phases and inclusions,
present in small areas, by the microhardness tester.

In

this study, the microhardness obtained from the diamond pyra
mid indentations on zones of various silicides of molybdenum
and tantalum, as well as the substrates, are well differenti
ated (See Table XI and Figures 17 and 19).

It was found

that the variations In hardness of the same phase are minor
where the differences between phases are extremely large.
Westbrook(51) designed high temperature microhardness
instruments having the indenters made of diamond or sapphire
to test many types of intermetallic compounds such as sili
cides, borides, carbides.

It was definitely shown that the

hardness of the sillcides and many of these intermetallic
c o m p o u n d s ^ decrease sharply as the temperature is raised.
MoSig is rather plastic around 1100°C, at which temperature
a MoSi2 coating on wire can be colled or wound around in a
small diameter without failure or breakage.
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Moreover, it was significant that a good correlation
could he made between the microhardness values of the diffu
sion zones of many binary metallic systems and the concentra
tion gradient.

Adda and Philibert^-*^0 studied diffusion in

uranium-other metal binaries and found the microhardness
values to agree with the concentration profiles from electron
microprobe measurements particularly in cases where solid so
lution exists.

Abrupt change of phases accompanies a sudden

change of hardness values in every case.

Klopp, Sims and

Jaffee^^) a]_so used microhardness measurements to correlate
the diffusion coefficient of oxygen as a result of contamina
tion in niobium metal where the concentration of oxygen in
niobium could be expressed in terms of hardness.
It must be emphasized that the meaning of the room tem
perature hardness data, though useful for the identification
of phases or differentiation of concentration gradient, can
not be extrapolated for prediction of high temperature be
havior.

The usefulness of the high temperature microhardness

tester should be greatly extended to many high temperature
materials, particularly in dealing with intermetallic com
pounds, such as silicides, which are very brittle at room
temperature.
E. Correlation of Phases with Phase Diagrams
The vapor phase siliconizing of refractory metals by
the hydrogen reduction of SiCl^ provides a unique way to
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study the silicon binaries and their phase transformations
at various temperatures.

It is interesting to correlate the

various phases of the diffusion zones observed from the
photomicrograph of siliconized molybdenum and tantalum with
the actual available phase diagrams.

With the repeated ex

aminations and identifications by the X-rays, electron micro
probe, hardness on a larger number of samples, which were
siliconized at different temperatures, a definite relation
ship could be established.
In the case of molybdenum, a logical presentation of
the correlation of the siliconized phases with the existing
phase diagram is shown in Figure 3 3 .

It is important to

point out here in this system, when there is an intermetallic
compound present on the phase diagram, a broad single phase
zone was found in the photomicrograph, representing a typi
cal diffusion phase such as MoSi2 or Mo^Sij, while a two
phase zone (e.g., Mo^Si-j and MoSi2 ) on 'kke Pk&se diagram
only shows a line (line of demarcation between two inter
metallic compounds) on the photomicrograph.
In the case of the tantalum-silieon system, a two phase
zone in the phase diagram, such as TaSi2 + Ta^Si^, appears
as a narrow line on the photomicrograph of the siliconized
tantalum; a single phase intermetallic compound, such as
TaGi2 or Ta^Si^, on the diagram appears as a broad zone on
the photomicrograph of the cross section of the sample, as
shown on Figure 34.
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It should "be pointed out that the TaSi2 phase on the
photomicrograph (Figures 34 and 19) would have been mislead
ing without the confirmation of X-ray and electron microprobe analyses.

Apparently, the thick outer surface was

"contaminated" or possibly a "partial dissolution" during
the later part of the siliconizing experiment.
However, in both Mo-Si and Ta-Si systems, the metal
rich silicides Mo-^Si and Ta^t^Si were not readily defined in
the preliminary electron microprobe scanning on the samples,
while the presence of Mo^Si-j and Ta 2 Si, as well as Ta^Si-j,
were rather positively evident on both photomicrograph and
on electron microprobe scanning.
It is interesting to compare the Mo-Si and Ta-Si bi
naries with the well known diagram of Cu-Zn system and its
correlation with the phase diagram^®).

In the system such

as Cu-Zn binary, the low temperature heat treatment at 400°C
greatly facilitates the diffusion studies.

The broad solid

solution ranges of many phases definitely provide the gradual
variations in concentration.

The two phase areas, such as

(o^-f/3) or (/9 -f-r) on Cu-Zn phase diagram (Figure 35) also
show narrow lines on photomicrograph.

In the case of Mo-Si

and Ta-Si system, not only are the diffusion temperatures
much higher, but the nature of the individual Intermetallic
compounds formation (lines on phase diagrams) gives broad
zone on photomicrograph, where the variation of the constitu
ents seems to be negligible as shown by the electron
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microprobe analyses.

Although no generalization should be

made, it is believed that such interpretation and correla
tion will facilitate the studies of various phase diagrams
involving intermetallic compound formation.

In both types

of phase diagrams, whether solid solution is dominant or
intermetallic compound formation is dominant, the two phase
zones have always been represented as lines on photomicro
graph or as interfaces in actual diffusion couples.

F. Application of Siliconized Molybdenum and Tantalum
Silicon is one of the most abundant elements in the
earth's crust.

The elementary silicon and its compounds

have become increasingly important in recent years, particu
larly in connection with high temperature stability.

Many

branches of study of technological and scientific importance
could not be further developed or advanced because of the
limitation of the materials of construction at temperatures
much beyond 1 0 0 0 °C, where most metal alloys are useless.
Silicides(56) Cf refractory metals are some of the few
materials which are capable of resisting oxidation, thermal
shock and chemical attack.
also an essential asset.

Their high melting points are
The use of silicon coated molybde

num has been tested with continuous operation up to 1700°C
in air.

Heating elements made of sintered MoSi 2 have been

satisfactorily operated up to nearly 1700°C.
have been known as "Super-Kanthal".

The products
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The silicides are also a promising group of materials
for thermoelectric applications^7).

Many of the sillcides

of transition metals are semiconductors at elevated tempera
tures.

They are suitable for use in producing thermo

electricity due to their high values of Seebeck coefficient.
The Seebeck coefficient of many silicides appears to increase
with Increasing silicon content.

Due to their oxidation re

sistance at high temperature, siliconized molybdenum and
siliconized tantalum have been considered for use as struc
tural parts in thermionic types of power generators.

Inten

sive studies are being pursued in this area.
MoSig bonded with cobalt or nickel^ 8 ) may be hot
pressed to form sintered bodies for high temperature service
parts.

Sintered MoSig and cermet type bodies(59)} contain

ing 75 per cent MoSig and 25 per cent AlgO-^ by weight, have
also been hot pressed and found to be resistant to all fused
liquid metals with which they do not form chemically stable
silicides

(such as Pb, Sn and Na).

Searcy^°) studied the

oxidation resistance of various silicide cermets by the use
of thermodynamic data to predict their temperature and chemi
cal stabilities.
Numerous r e p o r t s ^ have been issued by the U.S. Air
Force describing efforts to achieve high temperature protec
tive coatings on refractory metals, including both molybde
num and tantalum silicide types.

Much work has been directed
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toward the application of the coatings for parts used in
rockets, missiles and space vehicles.
The chemical vapor deposition process can be widely ap
plied to various branches of material engineering.

Recent

advances in thin film t e c h n o l o g y ) have produced films of
metals, semiconductors and dielectrics by the vapor deposi
tion processes, where special optical, electrical or magnetic
characteristics can be developed for a specific application.

CHAPTER VI
SUGGESTIONS FOR FUTURE WORK

During the course of this study it was not possible to
pursue many interesting and meaningful aspects of experi
mental work which would help either to clarify further the
basic understanding or lead to other potential applications.
The following are suggested for further investigations.

A. Codeposition or Multiple Phase Deposition of Several
Elements or Compounds:
Material transport through vapor phase reactions is in
deed versatile and applicable in many different w a y s ^ ^ .
However, a single element or compound often is not suffi
cient to serve the rigid requirements of multiple purposes.
For example, although MoSi2 is oxidation resistant up to
1700°C in air or oxygen atmosphere, it is rather susceptible
to "PestM deterioration at the low temperature range

(400°C-

750°C), and also, it is unstable through the volatilization
of M 0O3 under low oxygen pressure, such as encountered in
high altitude space.

These properties have been seriously

considered as the primary limitation for the ultimate use of
the material in space application.

One of the useful means

for decreasing or alleviating these drawbacks is to incor
porate a small amount of boron into the M0SI2 layer.

This
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can be achieved by codeposition or multiple phase deposition,
such as by the hydrogen reduction of the mixed vapors of
SiCl^ and BCl-j.

The example of using SiCl^ and hydrocarbon

gas mixture for the vapor phase deposition on tantalum illus
trated the typical practicability of depositing TaSig and
TaC at the same time on a substrate

(See IV, under Part A,

Section 1-d and Part B, Section 3-b).
"When the graphite planes in pyrolytic graphite have the
preferred orientations, the thermal conductivity parallel to
the deposition surface is 100 times that perpendicular to
the surface.

Unfortunately, the great variations in thermal

expansivity between the "eH and '’a 11 axes create serious
stress, thus preventing the application on critical radii.
Again, in order to strengthen the pyrolytic graphite, co
deposition with other elements

(such as boron) may produce a

better class of new graphite alloys

Moreover, many

ceramic oxides might possibly be vapor deposited from the
gaseous phase.

The decomposition of tetraethyl silicate in

helium on molybdenum at high temperature could produce ad
herent Si02 coating.

A mixture of tetraethyl silicate and

triethyl borate vapor may be deposited pyrolytically to form
a possible boro-silicate glass coating.

A very limited

amount of work on codeposition has been reported.

Both

theoretical and practical interest warrant further system
atic investigations.
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B. Deposition Under Electrically Charged Environment
In this study, it has been shown that the efficiency
of deposition may be increased when the substrate is made a
cathode through the application of an electrically charged
field.

(See IV, Part A, Section 2-d)

H. N a c k ^ ^ ) claimed

that the negatively charged electrode in an electrostatic
field has an increased metallic deposition in an ionizable
and decomposable metal-bearing gaseous atmosphere, such as
demonstrated by the nickel or cobaltic carbonyl.
Butze^)

and his associates in a NASA Laboratory stud

ied the phenomena of combating the sublimation of emitter
material

(made of metals of tungsten, tantalum or molybdenum)

in thermionic diodes by means of chemical reactions, which
were designed to transport the sublimed material from the
collector (anode) back to the emitter (cathode).

It was In

teresting to note that it was necessary to introduce chlo
rine gas to produce ionizable species, such as

or W ^ +

which would be much more readily “attracted*' to the emitter
at higher temperature than to the collector (positive), thus
greatly decreasing the loss of the metal from the emitter
during the high temperature operation of the diode.

These

combined thermo-electro chemical phenomena are interesting
and complex.

They deserve further studies not only to

*NASA: National Aeronautical and Space Agency (Lewis Center,
Cleveland, Ohio)
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clarify the effect of charged electrical fields on the effi
ciency of the vapor deposition, but also to evaluate the
potential application in the field of high temperature corro
sion, production of high purity metals or advanced energy
conversion systems.

G. Diffusion and Diffusion Barrier Studies on Refractory
Metals
Due to the reactive nature of the refractory metals and
the necessity of the rather high temperatures for the study
of the interdiffusion phenomena, very limited information on
the diffusion coefficient values of these metal systems is
available.

Many binary phase diagrams of Mo, W, Nb and Ta,

such as the Mo-Si and Ta-Si, are still not quite completed,
particularly in the high temperature ranges.

Limited infor

mation of ternary refractory metal systems has been deter
m i n ed^®) .
The diffusion coefficient D, such as expressed in the
Fick first law of diffusion, is usually not a constant.

It

varies with temperature, concentration, pressure as well as
crystal structure.

The effect of temperature on diffusion

may be expressed
Q_
D = D 0 eHT
where D0 , Q,, and R are independent of temperature.

DQ is re

lated to the frequency of vibration of the diffusing atom,
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Q is the activation energy denoting the energy barrier that
tends to prevent the diffusion from occurring.

Generally

the higher the melting point of the refractory metals, the
higher is the activation energy.

These values need to be de

termined quantitatively to permit estimation to be made of
the diffusion rate in many systems.
For the accurate measurement of the overall atomic move
ment during the high temperature siliconizing diffusion
treatment, "markers" may be used to Indicate the migration
in the interfacial zone, as described in V, Section A-4.
Such studies are necessary to further the fundamental under
standing of the diffusion mechanism in the refractory metal
systems, although experimental difficulties may arise in
selection of the inert marker materials because of the exces
sive high temperatures.
Another important area is the study of the diffusion
barrier zone which may be used to control the diffusion rate,
such that it may be kept at the minimum for specific applica
tions.

A typical example is shown by the fact that copper

is an excellent diffusion barrier for the diffusion of car
bon into the steel.

As a matter of fact, copper plating has

often been applied on certain areas of steel before carburi
zation treatment in order to avoid the penetration of carbon.
Similar systems, such as carbide coatings on molybdenum or
tungsten could be used as a diffusion barrier to minimize
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or prevent diffusion of other elements during the high tem
perature applications.

CHAPTER VII
SUMMARY AND CONCLUSIONS

1.

An enclosed system for siliconizing of refractory metals,

such as molybdenum and tantalum, was constructed In which
the process of hydrogen reduction of SiCl4 was carried out
in a temperature range of 900-l450°C by high frequency induc
tion heating.

The weight gain during the siliconizing proc

ess at high temperatures was measured by a fused quartz
helix balance within the dynamic flow system.
2.

The primary factors influencing the siliconizing process

of refractory metals are:
perature;

(c) time;

(a) gaseous composition;

(d) molar flow ratio;

(b) tem

(e) geometrical

shape; and (f) effect of Ionizing charges.
3.

The siliconizing process is critically influenced by the

concentration ratio of the flow of the SiGl^ vapor and hydro
gen.

Low vapor pressure of SiCl^ favors uniform and effec

tive deposition.

It was found that a ratio of 1/8 or smaller

is necessary to obtain the best deposition.
4.

Variation of gaseous composition greatly changes the

deposition behavior.

Dendritic growth of silicon on tanta

lum was obtained when hydrogen was replaced by helium.
Molybdenum oxide whiskers could be formed when oxygen was
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present in the system during the siliconizing of molybdenum.
Godeposition of TaC and TaSi 2 on tantalum was achieved when
hydrocarbon vapor was mixed with SiCl 4 during siliconization.
5.

Rate of the siliconizing as expressed by the weight gain

per unit time follows generally the parabolic law, y =
where y =
k —

weight gain per unit area, mg/cm2 , t =

constant, n is approximately l/2.

k tn ,

seconds;

The activation energy

is estimated at 2 1 . 6 K cal/mole in siliconizing of molybdenum.
However, the initial stage of deposition usually has an in
creased slope in the log weight gain against log time plot.
(Figures 10 and 12)

Deposition rate is greatly reduced at

the later stage most likely as a result of the formation of
a new intermetallic compound in the diffusion zone.
6.

The growth rate and the temperature of siliconizing dif

fusion treatment may be represented by the equation;

where y, t and T are the thickness, time and absolute tem
perature respectively.

(In this investigation, y may be

also represented by the weight gain) while a and b are the
constants.

Whenever a phase transformation is encountered

at certain temperature, another new set of constants is
needed.
7.

Molybdenum and tantalum samples siliconized at different

temperatures were evaluated by the X-ray, metallography,
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microhardness and electron microprobe analysis.

Correla

tions between the coating properties, microstructures, and
phases were made.
8.

SiClij. is assumed to be reduced to elemental silicon in

stantaneously at the very surface of the molybdenum and
tantalum during the siliconizing process.

However, no ele

mental silicon was detected by X-ray in the case of silicon
izing of molybdenum.

In other words, molybdenum and silicon

react very readily and exothermically to form MoSig in the
siliconizing process.

In the case of siliconizing tantalum,

a minor amount of elemental silicon was found on the surface
of tantalum by the X-ray diffraction.
9.

Metallographically, siliconized molybdenum showed very

distinctly the phases of MoSig» Mo^Si^ but not Mo^Si, while
siliconized tantalum exhibited the phases TaSig, Ta^Si-^, and
TagSi but not Ta^cjSi.

The microhardness values may be used

effectively for the differentiation of the phases.

The

microhardness decreases in the Mo-Si system with decreasing
silicon content in the order of MoSig, Mo^Si^, Mo; while in
the case of Ta-Si system, the order is mixed, as shown by
Ta5Si3 , (TagSi + T&4 5S i ), TaSig and Ta.
10.

The electron microprobe analysis provides adequate data

to establish the concentration variation, giving sharp dif
ferences in 1 micron range between phases in the narrow dif
fusion zones encountered.

However, a variation of 1 to 2
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per cent of composition was difficult to resolve.

Phases

such as Mo^Si^, TaSig, and (Ta^Si-^ -f Ta^Si) could be dis
tinctively identified, but it was not possible to differenti
ate clearly between Ta^Si^ and TagSi on the sample tested.
Electron microprobe analysis indicates no positive existence
of Mo-^Si and Ta^ ^Si on tested siliconized molybdenum and
tantalum samples.

It was assumed that these metal-rich high

temperature phases were not developed during the siliconiz
ing processes under the experimental siliconizing conditions
employed.

The absence of these phases in the refractory

metal binary systems could be attributed either to the diffi
culty of the nucleation of the new phase or to its very low
growth rate.
11.

Correlations of the phase diagrams with the various

phases of the intermetallic compounds formed during the sili
conizing process were made.

Diffusion controlled growth

process and diffusion mechanisms as well as the effect of
the grain boundaries were discussed.

Possible inert marker

Kirkendall effect experiments for the refractory metal diffu
sion studies are proposed.
12.

Suggestions on further work are made in the following

areas:
(a) Codeposition or multiphase deposition;
(b) Deposition under electrically charged environ
ment;
(c) Determination of diffusion coefficient of
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refractory metal systems by the electron microprobe analysis.
It is believed that the codeposition process will pro
vide the potential means for improving further the present
limitations of the most promising siliconized coatings, such
as the siliconized or modified-siliconized molybdenum on the
refractory metals, so that both the "Pest" deterioration for
MoSi 2 at moderate temperature (400-800°C) or the volatiliza
tion of M 0 O -5 under low pressure oxygen will be minimized or
eliminated.
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APPENDIX B

DETERMINATION OP MOLAR PLOW RATE OP SlCl^
IN SILICONIZING EQUIPMENT
The flow rate of the hydrogen and vapor pressure of
the SiCl^ determines the flow rate of SiCl^ vapor in the
siliconizing system.

The pressure of the incoming hydro

gen gas was measured by the calibrated flowmeters through
a capillary glass tube.
The molar flow rate of SiCl^ vapor may be calculated:

V

p8

where
Qg = molar flow rate of SiGl^
Qjj s molar flow rate of hydrogen
P s = partial pressure for SICl^ at a specified
temperature
Ph = pressure for hydrogen (incoming)
An example of calculation for checking the actual molar
volume of SiCl^ is illustrated as follows:
Given:

Pressure of H2 on manometer = 0.7 om

Prom the calibrated flow curve of hydrogen (See Appen
dix, Figure 37) the H2 flow rate = 1 2 0 ml/min or
7.2 liter/hr.

Temperature of SiCl^ at 2°C has a

159
vapor pressure of 84 mm Hg.

Density of SiCl^ = 1.483

at the temperature.
The vapor of SiCl^ was swept with H2 and condensed into a
dry Ice— alcohol cold trap for the volumetric measurement.
Calculation:

Based on the equation

s
Ph"Ps

Qs =

84

760-84

( 7.2 liter/hr )
22.4 liter/hr

Qs = 0 .12 3 5 x (0 .3 2 ) = 0.0395 mole/hr
or
or

Qs « 0.0395 x 16 9 .8 9 s 6.72 gm/hr
Qs = —
^
D

a — 6.
; 72 - a 4 .52 ml/hr
1.483

The total flow of SiClij, in 6 hours and 10 min = 4.52 x

6 .16 7 = 2 7 .8 ml.

The experiment was checked actually with

the condensate which was measured to be 27.1 ml SiCl^.
The per cent of deficiency is 2 .5 8 per cent.

This is very

close to the value of the experimental accuracy consider
ing the small amount of uncondensed SiClij, lost in the sys
tem during the experiment.

l6o
APPENDIX C

CALCULATION OP RATE CONSTANT AND ACTIVATION ENERGY
IN SILICONIZING MOLYBDENUM
The siliconizing function may be represented by
y = k t33, where y a weight, t = time and k and n are con
stants ,
or

log y s log k + n log t

Prom Figure 10, we obtain for 1050°C deposition,

n =

log 7i - log y2
log 3.42 - log 1
.... — 1
■
— ■= ■1 ■
..- ■■■— ■ -— - ■—
log t-L - log t2
log 10 ,0 0 0 - log 1 ,1 0 0
0.534

0.556

4.0 - 3.0414

for 1150°C deposition,
log 7 .6 - log 4.2
n = -----------------log 10 ,0 0 0 - log 300

0.492

for 1350°C deposition,
n =

log 1 9 . 8 - log 1 0
B 0>508
log 10 ,0 0 0 - log 2600

Since the values of "n" in all cases are close enough
to 1 /2 , it is reasonable to assume that the deposition fol
lows the parabolic function:
y a k

t ^*/2

or

k s y

Then for 1050°C (i.e., T = 1323°), or

k =

l/T = 7.5$ x lo”

2.42
_ 2.42
= 2 .5 7 z icr 2
(8900)^/^ = 94.2

log k = log 2 .5 7 x 10 “ 2 s 2.410 r -1 .5 9 0

for 1150°C (i.e., T r 1423), or

l/T = 7 .03 x 10”1*'

k - ---- 83 4 *°7 ^ lO-2
(7000)1/2
log k = log 4.07 x 10 “2 = 5.610 - -1.390

and for 1350°C (i.e., T = 16 2 3 ), or

l/T = 6 .1 7 x 10“^

9.8
,
k = --- ---- s 1.14 x 10"1
(7400)1/2

i

log k = 1.14 x 10”^- = 1.057 = 0.9^3

Since from the Arrhenius equation

E
k = A 0

or

RT

In k = In A-^ 1
T

where k is = rate constant, T = absolute temperature,
R = gas constant, A = constant, E s activation energy,

Thus, if log k is plotted vs. l/T,

the slope of this curve

is r -E/ 2 .3 R and from the curve on Figure 11, the follow
ing data was taken.
at l/T = 7.4 x 10-2*

, log k 3 -1.525

at l/T s 6.4 x 1CT2*

, log k = -1.060

which gives a slope,
-1.525 - (-1.060) (7.4 - 67*0 x lcr2* "

-

E

23^

Therefore, the activation energy

E =

io'
-4^7^ =

21 •6

k oal/mole

200

150

■g 1 100

PRESSURE (cen tim eters) - Dibutyl Phthalate
Figure 37.
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APPENDIX P-1
CALCULATION OF LATTICE PARAMETER

OP TANTALUM CARBIDE (TaC)

PROM X-RAY PATTERN OP MIXED TaC AND TaSl2 DEPOSITION

Given: 29 = 101.40

9 = 50.70

and hkl = 420
Calculation:

A cubic crystal gives diffraction lines

whose sin2© values satisfy the equation obtained by combin
ing the Bragg law with the plane-spacing equation for the
cubic system.
sln20
_ *L.
n 2 -H k2 4- l2
4a2

Where
and

As

2/4a2 s A is constant,
s 1.5405 2, wave length of copper radiation

0.5988

sin20

= 0.0299
h2 +

k2

l2

22 4- 02

2

2

A =

'i 9
4a*

a2 s

4A

2.377
4 x 0.0299

a 19.8428

, ,
o
a Q s 4.455 A calculated
aQ = 4.456 2

Literature (ASTM X-ray card 6-0524)

The deviation is -0.001

2,

per cent deviation is -0.02 per cent.
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APPENDIX P-2
CALCULATION OP LATTICE PARAMETERS

OP HEXAGONAL TANTALUM

DISILICIDE (TaSig) FROM X-RAY PATTERN OP MIXED
TaC AND TaSi2 DEPOSITION

Given:

29

9
W709
5 5 .4o

96.18
110 .8 0

sin29
0.5539

0.6776

hkl
5oo
403

>-2
2.373
2.373

The 9 values are selected from the X-ray data.

The

lattice parameters of a hexagonal crystal can be calcu
lated from the following equation:
sin20 = A (h2 +

hk 4- k 2 ) + Cl2

(1 )

where A = — n—

(2 )

3az

and

C

A2
(3)
4c2

From (1) using 9

= *1-8.09

0.5539 = A(42 +- 02 4- 02 )

CO2 = 16A

A = 0.0346

Prom (2) 0.036 =
a2 = 22.8613

2.373
3 a2
»

aQ = 4.7814 (calculated)

167
and from (1 ) using

© = 55.40

0.6776 = A(^2 -}- 0 4- 02 ) -b C3 2
0.6776 = I 6A 4- 9C
0 .6 7 7 6 = 1 6

c
Prom (3 ),

C = --- ^ =
4C,

(0 .0 3 4 6 )4- 9C

= 0 .0 1 3 8

4C,

C ^ =
2 *373
_
9928
0
4(0,0138)
4 ,9 9 2
CQ ss 6 .5 5 7 9 A (calculated)

Calculated

4.781** £

6 .5 5 6 0 £

Literature*

4.7821 £

6 .5 6 9 5 £

Deviation

-0.0007 £

-0 .0 1 2 6 £

Per Cent Deviation

-0.014 %

-0.192 %

*ASTM X-Ray Card 8 -5 3
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APPENDIX G— 1
X-RAY DATA OP TaC AND TaSi2 COATING ON SILICONIZED
TANTALUM PLATE

Phase
TaSi2
TaSi2
TaSi2
TaC
TaSi2
TaSl2
TaC
TaSi2
TaSi2
TaSi?
TaSi2
TaC
TaSi2
TaSio
TaSi2
TaSi2
TaSi2
TaSi2
•TaSi2
TaC
TaC
TaSi2
TaSi2
TaSi2
TaSi2
TaSi2
TaSI2
TaSlp
TaC *
TaSi2
TaSi2
TaSi2
TaSI2
TaSi2
TaC
TaSi2
TaC
TaSI2
TaSi2
TaSi2
TaSl2
TaSl2
TaSl2

2©
21.42
25.40
34.90
3^.90
37.59
40.10
40.53
41.20
43.70
46.99
57.00
58.60
6 0 .6 0
60.79
61.59
6 6 .0 8
67.84
69.40
69.54
7 0 .0 1
73.60
74.42
75.90
8 0 .2 2
8 2 .6 0
8 3 .9 8
85.10
8 5 .8 0
8 7 .6 0
89.40
90.58
93.60
94.42
9 6 .1 8
97.88
99.88
101.40
105.44
10 8 .0 8
1 1 0 .0 0
1 1 0 .8 0
114.58
1 1 5 .2 0

a 2
4.13
3.50
2.54
2.54
2.39
2.27
2.23
2.19
2.07
1.932
1.615
1.575
1.525
1.523
1.505
1.413
1 .3 8 0
1.353
1.350
1.342
1.286
1.273
1.253
1.3.96
1 .1 6 8
1.151
1.133
1 .1 3 2
1.113
1.095
1.084
1.057
1 .0 5 0
1.035
1 .0 2 1
1 .0 0 6
0.9954
0.9.679
0.9517
0 .9 4 0 3
0.9358
0.9152
0.9123

I/Io
Intensity
hkl
(Ex-oerimen t a l )
12
100
10 1
65
10 2
100
111
100
110
11
111
70
200
100
18
003
200
27
112
50
6
113
220
71
4
104
2 11
25
20
203
212
16
300
4
114
16
301
27
56
311
222
23
18
213 ,302
105
3
220
11
303
3
6
115
2
214
12
311
400
7
2
006
3 12
7
304
7
223
15
400
3
18
331
5
215
420
19
4
20 6
5
305
8
321
6
403
2
107
6
322
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APPENDIX G-2
X-RAY DATA OP MoSig ON SILICONIZED MOLYBDENUM
0

2 9

a

2 2 .6 2

3.92

002

29

3 0 .1 0

2.9 6

10 1

95
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X-RAY DATA FOR TaSig ON SILICONIZED TANTALUM TUBE
hkl
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